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SUMMARY 
 
High frequency mechanical resonators such as quartz crystals, surface acoustic wave 
(SAW) and film bulk acoustic wave resonators (FBAR) and filters are widely used in 
electronic systems as highly stable frequency references for oscillators and bandpass 
filters.  Recent developments in silicon micromachining technologies has enabled 
implementation of high frequency silicon capacitive resonators with close to one order of 
magnitude higher quality factors (Q) compared to the SAW resonators and FBARs.  Such 
devices are gradually entering the market opening up new opportunities for more 
advanced highly integrated electronic systems.  Due to their lithographically-defined 
resonant frequencies, in-plane capacitive resonators with operating frequencies in a wide 
range from tens of kHz up to GHz can be implemented on the same substrate 
simultaneously, providing higher levels of integration.  In addition, due to their much 
high Q values and tunability compared to piezoelectric resonators, capacitive resonators 
can provide higher performance e.g. lower phase noise for tunable oscillators or ultra-
narrow bandwidth for bandpass filters.  High-Q micro and nanomechanical resonators 
also have tremendous potential for precision chemical and biomedical sensing 
applications. 
The objective of the presented research is to implement high-Q silicon capacitive 
micromechanical resonators operating in the HF, VHF and UHF frequency bands.  
Several variations of a fully silicon-based bulk micromachining fabrication process 
referred to as HARPSS have been developed, characterized and optimized to overcome 
most of the challenges facing application of such devices as manufacturable electronic 
components.  Several micromechanical structures for implementation of high 
 xxii 
performance capacitive silicon resonators covering various frequency ranges have been 
developed.  Design criteria and electromechanical modeling of such devices is presented.   
Under this work, HF and VHF resonators with quality factors in the tens of thousands 
and RF-compatible equivalent electrical impedances have been implemented 
successfully.  Resonance frequencies in the GHz range with quality factors of a few 
thousands and lowest motional impedances reported for capacitive resonators to date 
have been achieved.  Several resonator coupling techniques for implementation of higher 
order resonant systems with possibility of extension to highly selective bandpass filters 
have been investigated and practically demonstrated.  Finally, a wafer-level vacuum 
sealing technique applicable to such resonators has been developed and its reliability and 
hermeticity is characterized. 
 1 
CHAPTER I 
 INTRODUCTION 
1.1. Overview 
A micromechanical resonator is a micromachined mechanical structure that is free to 
vibrate.  Similar to macro-scale mechanical resonant structures a microresonator can have 
several resonance modes and operate in any of its different modes [1].  A classic example 
of a mechanical resonator in macro domain is a guitar string that can resonate with 
frequencies in the audio frequency range (20Hz-20kHz).  Due to much smaller sizes 
achievable for the micromechanical resonators, they can operate at much higher 
frequencies suitable for a variety of applications in electronic circuits and systems.  
Depending on their mechanical structure, dimensions and mode of resonance a 
microresonator can operate in a wide range of frequencies from hundreds of Hz up to a 
few GHz.  When integrated with electromechanical transducers, the mechanical 
vibrations of a micromechanical resonator can be transformed into electrical signals.  
Such devices known as micro-electro-mechanical (MEM) resonators can be used as 
electrical components in electronic circuits. 
Mechanical resonance of a single (uncoupled) structure represents the response of its 
effective structural mass (Meff), stiffness (Keff) and damping (D) in the specific resonance 
mode of operation to a periodic actuation force.  The response of such system to actuation 
forces in the frequency domain has a second order bandpass transfer function with a 
specific center frequency (ωm) and quality factor (Q): 
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The bandpass frequency response of the mechanical structure makes such devices 
suitable for a variety of frequency selection applications such as oscillator frequency 
references or bandpass filters in electronics [2].  Using proper choice of structural 
material and micromechanical design, the MEM resonators can exhibit quality factors as 
high as a few tens of thousands [1-5], which is not possible to achieve using electrical 
based techniques and components.  Such high quality factors enable implementation of 
ultra-narrow bandwidth, low loss electrical filters and highly stable low phase-noise 
oscillators. 
Macro-scale mechanical resonators have been used in electronics for a few decades 
[1].  As one of the first materials traditionally used for implementation of highly stable 
resonators for frequency referencing and timekeeping is piezoelectric quartz crystal 
which still maintains its superiority over other materials and technologies in terms of 
frequency accuracy and stability.  Pierre and Jacques Currie discovered the piezoelectric 
effect in quartz crystals for the first time in the early 1880’s.  They discovered that when 
pressure is applied to a quartz crystal it generates a voltage, and when a voltage is applied 
across the crystal it produces mechanical motion or vibration.  The first quartz resonator 
was used in the first quartz clock in 1927 as a replacement for the pendulum clock.  Since 
then, the performance of quartz frequency standards has gradually improved with new 
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innovations such as use of temperature-compensated quartz crystals (TCXO) [6] and 
discovery of highly temperature stable crystal cuts such as SC-cut quartz crystal [7].  
These discoveries have led to low-cost, extremely stable and precise quartz crystals with 
high mechanical quality factors (Q).  Modern temperature compensated quartz oscillators 
can be as small as a few millimeters in size and exhibit a temperature drift as low as a 
few ppm over a 100°C temperature range while consuming only a few milliwatts of 
power. 
As lower cost alternatives for quartz crystals, ceramic resonators and filters [8], have 
been available in the market for applications where temperature stability is not as critical. 
Such devices use piezoelectric ceramics as the structural material instead of quartz.  In 
both quartz and ceramic resonators, a bulk of the piezoelectric material with two metal 
electrodes connected to it is actuated to resonance.   
The more recent type of piezoelectric mechanical resonators is the surface acoustic 
wave (SAW) resonator [9].  A SAW resonator consists of metal electrodes patterned on a 
piezoelectric substrate.  The resonator operates based on the surface acoustic waves 
generated on the substrate by the electrodes using piezoelectric actuation forces.  
Depending on the distances between interdigitated electrode patterns the surface acoustic 
waves at a specific frequency can be optimally actuated and detected by the electrodes 
therefore providing a bandpass frequency characteristic.  SAW resonators and filters with 
frequencies ranging from a few MHz to a few GHz are commercially available for a 
variety of wireless applications [10].   
Increasing demand for miniaturized electrical appliances especially wireless 
communication systems with higher performance and lower cost has fueled interest in 
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development of more integrated, silicon IC compatible, micro/nanoscale solutions for 
frequency referencing.  Such devices have the attractive features of small size, low cost 
batch fabrication and potential for chip-level or package-level integration with 
electronics. 
The most recent category of high frequency piezoelectric micromechanical resonators 
available in the market are film bulk acoustic wave resonators (FBAR) and filters [11] 
that are widely used in RF front-end duplexers as band-select filters.  Similar to quartz 
and ceramic resonators, FBARs consist of a piezoelectric material sandwiched between 
two metal electrodes.  However, in this case the piezoelectric material is in the form of a 
deposited thin film with thickness in the order of one micron.  Such devices are fabricated 
using micromachining techniques and have the advantage of smaller size compared to 
their older alternatives.  FBAR technology is only suitable for frequencies in the low 
GHz range.  For lower frequencies the film thickness will be too large making it 
impractical.  In addition, since the thickness of the deposited layers determines the 
resonance frequency of the FBARs, simultaneous fabrication of multiple frequencies on 
the same chip is not possible. 
From temperature and long-term stability point of view, none of the above mentioned 
resonators beat the superior characteristics of quartz crystal.  Efforts are being conducted 
to develop micro-scale quartz resonators that can be assembled on top of the silicon IC 
chip and catch-up with the miniaturization trend in that front [12].  Other types of 
piezoelectric microresonators fabricated on silicon substrates such as longitudinal mode 
block resonators [13,14] using different piezoelectric materials such as Zinc Oxide [13], 
or Aluminum Nitride [14] are also under vast investigation.  In general for all 
 5 
piezoelectric microresonator technologies reliability and repeatability of deposited 
piezoelectric films in a manufacturing environment remains one of the possible 
drawbacks. 
Recent developments in silicon micromachining technologies, have provided the 
possibility of implementation and characterization of electrostatically operated silicon 
resonators [3-5,15-29].  Such resonators are fully made of single crystal silicon (SCS) 
and/or polysilicon and therefore can take advantage of matured, commercially available 
low cost silicon processing technologies.  Capacitive resonators are actuated and sensed 
by conductive electrodes that are separated from the resonating body by ultra-narrow 
capacitive gaps.  Unlike piezoelectric actuation and detection that requires the drive and 
sense electrodes to be in physical contact with the resonating body, causing excessive 
loss and quality factor degradation for the resonators, for capacitive resonators the 
electrodes are physically isolated from the moving parts.  This eliminates loss of motional 
energy through the electrodes and their junction with the resonator and provides 
potentially higher quality factors (Q) for such microresonators.  In addition, silicon is a 
low loss material and therefore, close to one order of magnitude higher Q compared to 
the SAW resonators and FBARs are demonstrated using the SCS and polysilicon 
microresonators [3-5,15-29].  Such devices are gradually entering the market opening up 
new opportunities for more advanced electronic systems.  Due to their lithographically 
defined resonant frequencies, in-plane capacitive resonators with operating frequencies in 
a wide range from tens of kHz up to GHz can be implemented on the same substrate 
simultaneously [29].  This can be a great progress towards implementation of integrated 
multi-band wireless communication systems.  In addition, due to their much larger Q 
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values compared to piezoelectric resonators, capacitive resonators may enable direct 
channel selection right after the antenna resulting in dramatic simplification of the 
transceiver architectures.   
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1.2. Capacitive Micromechanical Resonators 
The demonstration of capacitive micro-electro-mechanical (MEM) resonators dates 
back to 1967 with the invention of the resonant gate transistor (RGT) at Westinghouse 
Research Laboratories [30].  The dimension of this gold resonant beam was 100µm in 
length, and 5-10µm in thickness, resonating at 5kHz with a quality factor of 500.  Several 
types of capacitive resonators have been used since then for sensory applications [31,32]. 
During the past few years a great amount of interest has risen up in development of 
silicon based capacitive micromechanical resonators that can be used as substitutes for 
traditional piezoelectric resonators in electronics.  Higher quality factor provided by 
silicon, better compatibility with IC integration, good long term and temperature stability 
and finally availability of a variety of well-established batch-fabrication processes and 
micromachining techniques has made silicon an attractive structural material for 
microresonators.  Other great advantages of capacitive silicon resonators from the system 
design point of view are: 1) the resonance frequency of vertical capacitive resonators 
operating in their horizontal (in plane) resonance modes is determined by their 
lithography defined dimensions, and therefore resonators with a wide range of different 
frequencies can be fabricated simultaneously on the same substrate; 2) the resonance 
frequency of capacitive resonators can be slightly tuned by changing the DC bias voltage 
applied to them which is required for their operation, such tunability can be used for post 
fabrication fine tuning or temperature compensation of the resonators; 3) the modulation 
effect provided by the polarization voltage for capacitive resonators can be used to turn 
them into narrow band mixers [33] (by replacing the DC bias with the local oscillator 
(LO) AC signal) or switches (by turning the bias voltage ON and OFF).   
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A variety of high quality factor (Q) capacitive microresonators with polysilicon [15-
23] or single-crystal silicon (SCS) [24-29] as the resonating element have been reported 
so far.  Recently achieved frequencies in the GHz range with quality factors over 10,000 
[20,21], demonstrate the potential of capacitive silicon resonators as frequency selective 
components in the RF front ends as far as the frequency and quality factor is concerned.  
However, the major bottleneck for capacitive resonators has always been their extremely 
high equivalent electrical impedances.  While impedances well in the 50Ω range can be 
easily achieved for the piezoelectric resonators, typical capacitive resonators 
demonstrated in the VHF and UHF range, have impedances in the order of hundreds of 
kiloOhms [20,26].  The reason behind much higher impedances of capacitive resonators 
is that electrostatic forces are generally much smaller than the piezoelectric forces 
generated by similar transducer sizes.  As an example, lets compare two transducers, one 
a piezoelectric actuator with area of 10×10µm2 using a 100nm thick layer of Zinc Oxide 
as the piezoelectric material, and the other one an electrostatic actuator with the same 
area, a 100nm capacitive air gap and 20V of DC bias.  The force generated by a 1V 
actuation voltage applied to the two actuators will be 6×10-3N for the piezoelectric 
actuator and 1.8×10-6N for the electrostatic actuator, showing over one thousand times 
larger force for the piezoelectric actuator.  When such actuators are used in a 
micromechanical resonator, it results in more than one thousand times larger actuation 
force and more than one thousand times higher sensitivity therefore over a million times 
lower impedances for the piezoelectric resonator! 
The general schematic diagram of an electrostatically operated two-port clamped-
clamped beam resonator is shown in Fig. 1.1.  Capacitive resonators such as the one 
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shown in Fig. 1.1 can be operated in a two-port configuration resulting in much lower 
input-output feed-through capacitance.  To drive the microstructure into resonance, (in 
this case the in-plane flexural mode of the beam) an AC voltage is applied to the drive 
electrode, and a DC polarization voltage (Vp) is applied to the resonating body.  The 
applied DC bias and AC signal result in a fluctuating electrostatic actuation force applied 
to the resonator by the drive electrode.  On the sense side, there is a DC biased 
capacitance between the beam and the sense electrode.  The fluctuations in the capacitive 
gap size as a result of resonator motion results in fluctuations of the stored charge in the 
capacitance.  Change in the stored charge in turn is equivalent to an electrical AC current 
generation in the sense electrode.  When the frequency of the applied drive voltage is 
equal to the mechanical natural frequency of the resonator, vibration amplitude of the 
microstructure and consequently the output current of the device reach their maximum.  
The amplitude of vibration at the resonance frequency is Q times (Q=quality factor) 
larger than the DC displacement amplitudes caused by the same DC drive voltage values. 
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Figure 1.1. Operating configuration of a two-port HARPSS clamped-clamped capacitive 
beam resonator. 
vd 
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Equation 1.1 gives the electrical equivalent resistance (also known as motional 
resistance) for a generic two-port vertical (in plane) capacitive microresonator [34]: 
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where g is the sense and drive capacitive gap size, Vp is the applied polarization voltage, 
Leff is the effective electrode length and t is the thickness (height) of the structure.  Gap 
size (g) has the most significant contribution in the equivalent resistance.  However, 
excessive reduction of the gap size will eventually result in non-linearity and limit the 
dynamic range of the resonator.  In addition, the maximum applicable bias voltage 
reduces by decreasing the gap size and partially cancels the effect of gap reduction on the 
electrical impedance.  Increasing the thickness and effective length of the resonators on 
the other hand can help lower the equivalent resistance while increasing the power 
handling and improve the linearity of the resonator at the same time [26-29].  Finally, 
having a high quality factor is not only desired to achieve better selectivity and higher 
performance, but also helps reduce the resonator motional resistance. 
In conclusion, for realization of high frequency, high Q capacitive resonators with 
electrical impedances in the tolerable range for RF applications, which is the main focus 
of this research, the following are required: 
1. A reliable fabrication process that can produce ultra-narrow capacitive gaps (in the 
order of 100nm and below) in between tall (a few tens of micron) silicon resonator 
structures and electrodes that are as tall as the resonator itself. 
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2. Optimized mechanical designs for the resonator structures that have a high 
frequency resonance mode while maintaining a high quality factor and large transduction 
area (large resonator height and length). 
The following chapters report on the developments and progress achieved in this work 
towards realization of the above-mentioned requirements as well as the open research 
topics and future directions in this area. 
 
 12 
CHAPTER II  
HARPSS BULK MICROMACHINING FOR HIGH 
FREQUENCY SCS RESONATORS  
This chapter presents the accomplished work on development and characterization of 
a variety of fabrication processes for implementation of high performance single crystal 
silicon (SCS) capacitive resonators.  To meet the specifications described in the previous 
chapter for high-frequency capacitive silicon resonators with reasonable impedance 
values, different variations of the HARPSS fabrication process [25-29] have been 
developed and used in this work.   
The HARPSS (High Aspect Ratio combined Poly and Single crystal Silicon) 
fabrication process, developed by Prof. Farrokh Ayazi at University of Michigan, has 
been previously used to fabricate thick trench-refilled capacitive polysilicon beam 
resonators and resonant ring gyroscopes [35,36].  During the course of the presented 
research, the HARPSS process has been modified and improved gradually in a few steps 
to become more suitable for implementation of high frequency single crystal silicon 
resonators with polysilicon electrodes [25-29].   
The HARPSS fabrication process has several advantages for fabrication of high 
frequency capacitive resonators over the alternative available fabrication techniques such 
as surface micromachining processes [15,16,19-23] or SCREAM [37,38].  HARPSS is a 
bulk micromachining fabrication process enabling implementation of micromechanical 
silicon structures as thick as a few tens of microns while having deep submicron 
capacitive transduction gaps and single crystal silicon as the resonating material.  This 
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allows taking advantage of the bulk of silicon substrate to promote resonator performance 
and represents a three-dimensional integration approach.  HARPSS thick in-plane 
resonators have the advantage of providing larger capacitive transduction area by 
extending in the vertical dimension into the silicon substrate while consuming smaller 
area on the substrate.  Single crystal silicon is a very attractive material from the 
manufacturing point of view because similar to quartz crystal, physical and mechanical 
properties of single crystalline silicon is defined by the nature of its crystalline structure 
and is independent of the processing conditions.  In addition, the single crystalline nature 
of the structures can be helpful for reduction of resonator losses and achieving higher 
quality factors.  Larger drive and sense area can alleviate the high equivalent motional 
resistance issue for the capacitive resonators as well as increase the power handling of the 
resonators.  Moreover, similar to the surface micromachining processes the capacitive 
gap sizes for the HARPSS resonators are determined in a self-aligned manner by the 
thickness of a deposited or grown sacrificial oxide layer thus can be reduced down to the 
sub-100nm range without the need for precision submicron lithography.  Having deep 
submicron capacitive gaps is an inevitable requirement for high frequency capacitive 
resonators.   
The step by step improvement of the HARPSS-based fabrication processes for 
resonators starting from low frequency beam resonators on regular silicon substrates up 
to SOI implementation of high frequency low-impedance silicon bulk acoustic wave 
resonators (BAR) with capacitive gap aspect ratio in excess of 400 is described in the 
following sections. 
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2.1. HARPSS Fabrication Process for SCS Resonators on Regular 
Silicon Substrate 
The HARPSS process, as developed at University of Michigan, was capable of 
producing polysilicon resonant structures with SCS electrodes [35,36].  The first task was 
to enhance and modify the process to be able to fabricate thick single crystal silicon 
(SCS) resonator structures with polysilicon electrodes. 
The fabrication process flow used to implement low frequency capacitive beam 
resonators on regular silicon substrates is shown in Fig. 2.1.  The process starts by 
defining the electrically isolated bonding pads for the electrodes. A ~1µm thick thermally 
grown silicon dioxide covered by a thin layer of LPCVD silicon nitride (3000Ǻ) is used 
to create the electrode bonding pad isolation from the substrate (Fig. 2.1a).  To define the 
SCS resonating beam, two adjacent high aspect-ratio trenches (3-6µm wide and 20-80µm 
deep) are etched into the low-resistivity silicon substrate using a deep reactive ion etching 
(DRIE) system and the Bosch process. The height of the trenches determines the height 
of the polysilicon electrodes which is approximately equal to the thickness of the 
resonator itself.  A thin conformal LPCVD layer of high-temperature oxide (HTO) is then 
deposited (at ~850ºC) (Fig. 2.1b) that covers the trench sidewalls as well as the surface of 
the substrate uniformly.  Trenches are subsequently refilled with doped LPCVD 
polysilicon to form the vertical electrodes.  The lateral gap spacing between the SCS 
beam and polysilicon electrodes is defined by the thickness of the deposited oxide layer, 
and thus can be scaled down to the tens of nanometer range [4].  Polysilicon is etched 
back on the surface in plasma to expose the sacrificial oxide layer (Fig. 2.1c).  Sacrificial 
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oxide is patterned to form openings for resonator undercut.  Another doped LPCVD layer 
of polysilicon is then deposited and patterned to form the input and output wirebonding 
pads.  Next, a layer of metal (300Ǻ of Cr and 2000Ǻ of Au) is deposited in an e-beam 
evaporator and patterned by lift-off (Fig. 2.1d).  The resonators are undercut and 
separated from the silicon substrate using a dry silicon etch in SF6 plasma, consisting of 
an anisotropic followed by an isotropic etch to undercut the structures (Fig. 2.1e).  During 
the isotropic etch step the sacrificial oxide layer protects the silicon structure and 
polysilicon electrodes.  Finally, the sacrificial oxide is removed in a HF:H2O (1:1) 
solution to release the resonators (Fig. 2.1f).  Both clamped-clamped and clamped-free 
beam resonators with different dimensions covering a wide frequency range can be 
fabricated using this processing technology.   
 
 
 
Figure 2.1. HARPSS fabrication process flow for single crystal silicon beam resonators 
on regular silicon substrates. 
 
   
(e) (f) 
(a) (b) (c) 
(d) 
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Figure 2.2 shows the SEM picture of a fabricated clamped-clamped SCS HARPSS 
beam resonator.  Figure 2.3 is the close-up view of the electrode area, showing the single 
crystal silicon beam, the polysilicon electrodes and the submicron gaps in between. 
 
 
Figure 2.2.  SEM view of a clamped-clamped single crystal silicon beam resonators 
fabricated using the HARPSS process. 
 
 
    
Figure 2.3. Close-up view of the electrode area for a fabricated beam resonator showing 
the 700 nm gap spacing between the SCS beam and the polysilicon electrodes. 
 
L=300µm, w=6µm, h=20µm 
fo=495kHz Q~21,900 
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 17 
Fabricated SCS beam resonators were tested under vacuum in a custom-made 
vacuum chamber using an Agilent 4395A network analyzer.  Since the resonators have 
separate electrodes for actuation and sensing, they can be operated in a two-port 
configuration, where a DC bias voltage (polarization voltage) is applied to the body of 
the resonator (silicon substrate) and the drive electrodes is connected to the RF output of 
the network analyzer.  Due to very large impedance of the resonators and small power 
handling, the output signal of the resonators will be too small if directly connected the 
50Ω input of the network analyzer.  Therefore, very sensitive interface circuits are 
required.  J-FET input wide-band Op-Amps in non-converting configuration were 
assembled on a printed circuit board (PCB) for this purpose.  The MEMS resonator chip 
was mounted on the board and the input and output signals along with the DC 
polarization voltage were applied to the resonator through wire-bonds.  The PCB was 
placed inside the vacuum system, which keeps the pressure to below 1mTorr. 
Figure 2.4 shows a typical measured frequency response plot taken from the network 
analyzer, showing a Q of 74,000 at 80 kHz for a 700µm long, 6µm wide and 20µm tall 
SCS clamped-clamped beam resonator under 1mTorr vacuum.  The summary of the Q 
measurement results for the clamped-clamped beam resonators with various fundamental 
resonance frequencies ranging from 41.5kHz to 3.2 MHz is given in Table 2.1.  The Q 
decreases as the frequency of the beam increases, mainly due to the thermoelastic 
damping at lower frequencies [4] and support loss at the higher frequency end. 
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Figure 2.4. Frequency response of a 700µm long, 6µm wide, 20µm thick clamped-
clamped beam resonator. 
 
Table 2.1.  Measured resonance frequency and quality factor for the fabricated HARPSS 
SCS clamped-clamped beam resonators with different dimensions.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 4,500 3200 200 
5 10,000 911.0 200 
17,000 528.0 300 6.5 
21,900 495.5 300 6 
21,500 489.3 300 5.5 
43,000 288.4 300 4 
27,000 217.0 500 7.5 
35,000 198.0 500 6.5 
60,400 164.5 500 5.5 
67,000 117.0 500 5 
39,400 125.5 700 7.5 
74,000 80.3 700 6 
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Q ~ 74,000 
f = 80.4 kHz 
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2.2. HARPSS-On-SOI Fabrication Process 
For implementation of higher frequency (VHF and UHF) bulk-mode resonators using 
the HARPSS process, slight modifications were made to the previous version of the 
process to make it compatible with SOI substrates [25,26].  Due to the uncertainty caused 
by the isotropic silicon etch to undercut and release the structures on the bottom, perfect 
dimensional definition of such devices on regular silicon substrates is not possible.    
Therefore, using SOI substrates for nano-precision fabrication of ultra-stiff bulk-mode 
SCS resonators with height-to-width-ratio<1 (e.g., disks and blocks) is inevitable.  
Resonators fabricated on SOI substrates can be undercut by etching the SOI buried oxide 
layer leaving behind a smooth and well-defined bottom side for the wide bulk-mode 
resonators.  SOI implementation of the resonators can also provide the ability to achieve 
“electrical isolation” between the body of individual SCS resonators enabling 
independent tuning of each individual resonator in an array of resonators (e.g. for filter 
implementation).  For the beam resonators discussed in the previous section the body of 
all the resonators on the same substrate are electrically connected through the substrate.  
Furthermore, trench isolation on the SOI substrates can help reduce the parasitic 
capacitances and the related cross-talk between input and output of individual resonators 
as well as different adjacent resonators.  Another important opportunity provided by the 
SOI approach, is that in the earlier implementation of HARPSS SCS resonators on 
regular silicon substrates, the sacrificial oxide was used as a protective layer for the 
silicon structures during the isotropic etch step [4].  Due to finite selectivity of the SF6 
silicon plasma etch to silicon dioxide, the minimum achievable gap size was limited by 
 20 
this mechanism.  The use of SOI eliminates the need for a long isotropic silicon etching 
and hence the capacitive gaps can be reduced to their true physical limits. 
The process steps for fabrication of SCS HARPSS resonators on SOI substrates is 
shown in Fig. 2.5.  
  
 
 
 
 
 
 
Figure 2.5.  Fabrication process flow of single crystal silicon resonators with deep 
submicron gaps on SOI: a) Grow and pattern initial oxide, deposit and pattern LPCVD 
nitride, etch trenches (Bosch process); b) Grow and remove thin oxide (surface 
treatment), deposit and blanket etch sacrificial oxide, deposit and pattern doped LPCVD 
polysilicon; c) Pattern initial oxide, metallization, etch release openings and pattern 
polysilicon for electrodes; d) HF release and undercut. 
 
The fabrication process consists of six lithography steps and a number of thin film 
deposition and etching steps.  The process flow for this first version of the HARPSS-On-
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LPCVD Nitride 
 21 
SOI process is very similar to the regular silicon substrate process flow described in the 
previous section.  The major modifications are: 1) The initial thermal oxide which is also 
used for input and output pad isolation, serves as the mask for etching trenches into the 
SOI device layer which define the resonator boundaries.  This oxide layer remains on top 
of the body of the resonators all the way to the end of the process and protects them 
against several silicon etching steps during the course of the process.  In the previous 
process flow, the sacrificial oxide was used to protect the resonators, therefore imposing 
a limit on the minimum tolerable sacrificial oxide thickness, 2) The resonators are 
undercut by removing the underlying buried oxide layer in a hydro-fluoric acid solution 
instead of isotropic etching of silicon.    
In this approach, vertical trenches are etched all the way through the silicon device 
layer to the buried oxide layer and therefore the thickness of the SOI device layer 
determines the thickness of the resonators that can be as thick as a few tens of microns. 
A number of side-supported SCS disk resonators with various designs and 
dimensions were fabricated using the described fabrication sequence on SOI substrates. 
Figure 2.6 shows a fabricated 3µm thick, 29.4µm in diameter SCS disk resonator with 
120nm capacitive gaps.  The disk is supported at one of its resonance nodes by a tiny 
support beam. 
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Figure 2.6. SEM of a 29.4µm in diameter, 3µm thick, side-supported SCS disk resonator 
supported with only one support beam and a capacitive gap spacing of 120nm. 
 
 
2.2.1. Residual Silicon Nitride Issues for HARPSS-On-SOI Resonators 
One of the major issues noticed during the development and characterization of the 
first version of the HARPSS-On-SOI process described above, was existence of 
unexpected silicon nitride residues on the resonator edges.  The SEM pictures of such 
devices are shown in Fig. 2.7.  To ensure that the residual layer was silicon nitride the 
devices were dipped in silicon nitride wet etchant (hot phosphoric acid 160-170°C) for 
long enough time to remove the nitride.  The residues were removed after phosphoric 
acid treatment; however the polysilicon electrodes were attacked by the hot phosphoric 
acid as shown in Fig. 2.8 and therefore the devices were not operational. 
D=29.4µm, h=3µm 
 gap=120nm 
SCS Disk
Support 
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Electrode 
Release 
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Figure 2.7. SEM picture of the devices fabricated through the HARPSS-On-SOI process 
showing strips of nitride residues on the device edges trapped inside the gap. 
 
   
Figure 2.8.  SEM view of the resonators after wet nitride etch showing nitride residues 
removed and polysilicon electrodes attacked by phosphoric acid. 
 
After thorough revision of the fabrication steps, it was concluded that the anisotropic 
plasma etch used for patterning the nitride deposited on top of the non-flat substrate, with 
oxide patterns, is responsible for formation of such residues.  The schematic diagram of 
the process of formation of residual nitride strips on resonator edges is depicted in Fig. 
2.9. 
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Figure 2.9. Process of formation of residual nitride strips on the resonator edges. 
To verify the source of the problem, similar initial oxide and nitride deposition and 
patterning steps were performed on a silicon test wafer.  Silicon patterns were etched on the 
substrate followed by an oxide wet etch in hydrofluoric acid (HF).  As shown in Fig. 2.10, 
nitride strips with the shape of the silicon pattern edges are observed on the devices. 
 
   
Figure 2.10. Residual nitride strips on test wafer after silicon DRIE and HF oxide etch. 
The released residues maintain the shape of the silicon boundaries. 
SiO2 SiO2
SiO2 
(a) Silicon dioxide patterning to define 
resonators boundary (over etched oxide). 
(b) Silicon nitride deposition. 
(d) Nitride still remaining in the gaps 
after completion of the devices. 
(c) Nitride patterning and anisotropic etch 
back.
Nitride residue  Nitride residue  
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Three different solutions were considered to overcome this problem which are as 
follows: 1. Precise timing of the oxide etch step to stop exactly at the silicon surface, so 
that the nitride will be supported only by the oxide on top of the resonator and will be 
detached from the devices when the oxide is removed in HF, 2. Depositing and patterning 
a thick low stress nitride layer for pad isolation prior to oxide growth and patterning, and 
3. Isotropic wet etching of nitride in phosphoric acid instead of plasma etching to pattern 
the nitride and using an additional LPCVD oxide layer as the etch mask.  Eventually both 
techniques 2 and 3 were deployed for successful demonstration of operational high 
frequency resonators on SOI substrates (see Chapter IV). 
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2.3. Simplified 3-Mask HARPSS-On-SOI Fabrication Process 
In the described version of HARPSS-On-SOI process in the previous section, the 
isolation for the input and output pads from the substrate is provided by the oxide and 
nitride layers and the body of all the resonators are electrically connected to each other 
through the device layer.   
As a more efficient approach, one can pattern the SOI device layer into physically 
separated islands of silicon providing a strong and reliable isolation between input, output 
and the body of the resonators.  Moreover, by deploying this technique several mask 
layers used to pattern the isolation nitride and oxide layers will be eliminated.  Based on 
this approach, a simplified and improved version of the HARPSS-On-SOI fabrication 
process [27,28] was developed that can be done in as few as 3 lithography steps.  It is 
worth mentioning that since adhesion and the electrical connection between the 
aluminum wire-bonds and bare polysilicon and silicon pads proved to be good enough, 
the metallization step was also eliminated from the process flow.  
The schematic view of the new HARPSS-On-SOI process flow is shown in Fig. 2.11 
and is as follows: A 1µm thick initial oxide layer is first thermally grown on the low 
resistivity SOI substrate.  The oxide is patterned and kept only on top of the body of the 
resonators as well as the polarization voltage wirebonding pads that are physically 
connected to the resonators (Fig. 2.11a).  Similar to the previous version of the process, 
this oxide layer acts as a mask to protect the structures against the silicon etching plasma 
during the following silicon and polysilicon etch steps; however it does not need to be 
kept on top of the electrode pad area for isolation purposes.  Vertical trenches are then 
 27 
etched around the resonators using the Bosch process all the way down to the SOI buried 
oxide to define the shape of the resonators in the silicon device layer.  A thin layer of 
sacrificial oxide is then deposited (LPCVD) or thermally grown that uniformly covers all 
the surfaces including the trench sidewalls.  The sacrificial oxide is etched back on the 
surface (Fig. 2.11b) so that the polysilicon pads for the electrodes will be directly 
connected to silicon and stay firmly anchored during the HF release at the end of the 
process.  Trenches are subsequently refilled with highly p-type doped polysilicon to form 
the electrodes.  The silicon device layer is patterned to provide electrical isolation 
between different devices as well as the input, output and body of individual resonators.  
At the same time the polysilicon inside the trenches is patterned and kept only in the 
desired electrode locations (Fig. 2.11c).  Structures are finally released and undercut in 
hydrofluoric acid by removing the sacrificial oxide layer and the underlying SOI buried 
oxide (Fig. 2.11d). 
Thick SCS disk and block resonators with different dimensions and capacitive gap 
sizes and operating frequencies in the VHF range (30MHz to 300MHz) were fabricated 
using the described processing technique.  Figure 2.12 shows the close-up view of a 
fabricated 18µm thick, 29.2 in diameter single side-supported disk resonator and its 
electrodes.  The capacitive gap size for this resonator is 160nm (gap AR ~ 110). 
A new design was used for some of the disk resonators at this stage that incorporates 
four electrodes all around the periphery of the disk for maximum signal transduction.  
Figure 2.13 is the overall SEM view of the disk resonator of Fig. 2.12, showing all the 
electrode interconnections.  According to the mode shape for the elliptical mode of the 
disk resonators (see Fig. 4.1 in Chapter IV), the displacement of the resonator towards 
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each pair of confronting electrodes is in phase.  Therefore, by electrically connecting 
pairs of confronting electrodes the corresponding signals will add up and improve the 
signal to noise ratio of the device.  The polysilicon beam bridging over the resonator (Fig. 
2.12) provides electrical connection between two of the electrodes, while the other pair of 
electrodes are connected by a silicon trace extending around the device (Fig. 2.13). 
 
            
   
          
  
 
Figure 2.11.  Process flow of the three-mask HARPSS on SOI process for fabrication of 
thick SCS bulk mode resonators. 
(a) Grow and pattern initial oxide (b) Etch trenches, deposit or grow 
sacrificial oxide, etch back oxide
(c) Pattern silicon substrate and 
polysilicon inside the trenches 
(d) HF release 
SOI Buried Oxide/ Initial Oxide 
SOI Device Silicon 
SOI Handle Silicon 
LPCVD Polysilicon Sacrificial Oxide 
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Figure 2.12.   SEM of a 29.2µm diameter, 18µm thick, SCS disk resonator fabricated 
using the 3-mask HARPSS-On-SOI process.  The disk is supported by a tiny support 
beam at one resonance node. Gap Size = 160nm. 
 
 
Figure 2.13.  Overall SEM view of the SCS disk resonator of Fig. 2.12, showing all the 
electrode interconnections. 
 
Vp 
vo 
vi 
Polysilicon 
Interconnecting 
Bridge 
Silicon 
Interconnecting 
Trace 
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2.3.1. Limitations and fabrication issues associated with the Three-Mask 
HARPSS-on-SOI Process 
The main issue encountered during the characterization and development phase of the 
3-mask HARPSS-On-SOI process was associated with patterning the initial oxide.  Due to 
the nature of photolithography and positive photoresist, which was initially used for 
patterning the oxide, the edge of the patterned oxide features ended up having a slope with 
oxide thickness going gradually to zero at the device edge.  Figure 2.14 shows how this can 
result in serious problems for the targeted capacitive resonators in this work.  Plasma etch 
back of sacrificial oxide is usually followed by some over-etching to assure complete 
removal of the oxide on all the surfaces.  As shown in Figs. 2.14c and 2.14d, an immediate 
threat is complete removal of oxide on the resonator edges due to sacrificial oxide over-
etch.  In this case, the polysilicon deposited to form the electrodes will be electrically 
shorted to the SCS structure of the resonator (Fig. 2.14d).  Figure 2.15 is the close-up view 
of a polysilicon electrode overlapping the SCS disk resonator showing how the polysilicon 
touches the resonator at the very edge causing an electrical short. 
Furthermore, Figs. 2.14c’ and 2.14d’ demonstrate schematically that even if the oxide 
etching is timed precisely to avoid complete removal of the oxide on the resonator edges, 
there is still a possibility of complete oxide removal during the polysilicon etch back at the 
end of the process.  Due to limited selectivity of the silicon etching plasma to oxide, as the 
polysilicon inside the deep trench is being etched back, the thin oxide covering the edge of 
the resonator may be completely etched away resulting in undesired etching of the 
resonator edges.  This imposes a limit on the minimum achievable gap size for the 
resonators fabricated in this process.  It was mentioned in the previous chapter that ultra-
thin capacitive gaps and thick resonator structures are the most attractive and useful 
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features of the HARPSS-based micromachining processes that high frequency resonators 
can benefit from.  Figure 2.16 shows the SEM view of 10µm thick SCS resonators with 
75nm capacitive gaps fabricated using this process flow.  The edges of the resonator are 
slightly etched at locations were the polysilicon has been etched back.  Apparently this 
issue limits the maximum achievable gap aspect ratio for the resonators. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14. Schematic diagram showing the possible electrode shorting or resonator 
edge unwanted etch problem due to insufficient sacrificial oxide thickness. 
Initial Oxide 
(a) Silicon dioxide patterned to define 
resonators boundary (sloped edges). 
(b) Silicon deep trenches etched with 
oxide as the mask 
(c’) Sacrificial oxide deposited and 
etched back (precisely timed etch) 
Initial Oxide
Initial Oxide Initial Oxide
(c) Sacrificial oxide deposited and etched 
back (over etched)
Exposed silicon 
Initial Oxide Initial Oxide
Electrode shorted to resonator Unwanted device edge etch 
(d’) During poly etch back the thin oxide 
may be insufficient to protect device edges 
(d) Deposited electrode polysilicon 
touches the silicon device causing a short 
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Figure 2.15.  SEM view showing close-up of the electrode overlapping point for a 
fabricated resonators using the 3-mask HARPSS-On-SOI process.  The overlapping 
polysilicon electrode is touching the resonator at the very edge of the structure. 
 
 
 
   
 
Figure 2.16.  SEM view of fabricated resonators using the 3-mask HARPSS-On-SOI 
process showing unwanted etching of device edge due to insufficient sacrificial oxide 
thickness. 
 
To alleviate the problems associated with oxide etching the following changes were 
made to the process: 1. Negative photoresist with precisely timed exposure was used 
instead of positive photoresist to achieve vertical oxide edges and avoid the oxide slope 
on the edge as much as possible, and 2. An extra mask layer and lithography step was 
Etched device edge  
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 33 
added to the process to protect the sacrificial oxide covering resonator edges during 
sacrificial oxide etch back (Fig. 2.17). 
 
                
 
 
               
 
Figure 2.17.  Process flow showing the added lithography step for protection of the 
resonator edges during sacrificial oxide etch back. 
 
The other processing issue associated with all versions of the HARPSS process for 
fabrication of SCS resonating structures is polysilicon etch back inside the deep trenches.  
Plasma etching of polysilicon trapped within sacrificial and SOI buried oxide layers 
inside the deep high aspect ratio trenches is a problematic step that usually leaves behind 
extremely harmful pieces of residual polysilicon on the resonator sidewalls.  Figure 2.18 
shows examples of residual polysilicon on the resonator sidewalls after poly etching and 
HF release.  Such residues can cause short or early pull-in of the electrode to the 
Polysilicon
Sac. Oxide
Photoresist 
(a) Trenches etched and sacrificial oxide 
deposited or grown 
(c) Polysilicon blanket etch, lithography 
for edge sacrificial oxide protection  
(d) Sacrificial oxide etched back, process 
continued by a second poly deposition,… 
(b) Trenches refilled with polysilicon 
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resonator, or change the resonance frequency of the resonator and reduce its quality 
factor drastically. 
     
Figure 2.18.  SEM view of fabricated HARPSS resonators showing undesired polysilicon 
residues on the resonator sidewalls. 
 
 
A short isotropic plasma etching of silicon can reduce the polysilicon residues 
significantly.  A variety of isotropic silicon plasma etching recipes with different reactive 
gas concentrations were examined for this purpose.  Figure 2.19 shows the resulting 
resonators after pre-HF-release isotropic etching of silicon in a combined gas recipe in 
the STS ICP system.  The recipe includes both SF6 and C4F8 gases in plasma with 
different concentrations of C4F8.  No significant polysilicon residual pieces can be 
observed on the resonator sidewalls, however, silicon plasma isotropic etching is not 
easily controllable for such small device dimensions, i.e. the exposed silicon around 
device pads is etched much faster than the residues inside the trenches which can be 
problematic in some cases.  In addition, such uncontrollable isotropic plasma etch 
induces severe uncertainty in the electrode dimensions. 
Polysilicon Residues  
Polysilicon 
Residue 
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A more reliable solution to the residual poly problem would be isotropic etching of 
poly in a non-plasma reactor, e.g. a Xenon Di-Fluoride (XeF2) silicon etch system, to 
avoid charging effects and provide more uniformity and controllability over the etch 
recipe.  Due to unavailability of such system in the Georgia Tech microelectronics 
research center (MiRC) cleanroom, long thermal wet oxidation prior to HF release was 
used for conformal removal of the polysilicon residues and generation of fully 
operational devices. 
    
 (a) (b) 
Figure 2.19.  SEM view of resonators fabricated using the 3-mask HARPSS-On-SOI with 
a short isotropic silicon etch added to remove polysilicon residues.   
 
The above mentioned existing problems in the 3-mask HARPSS-On-SOI process, i.e. 
polysilicon residues as well as limits on the maximum achievable gap aspect ratio, 
motivated development of a more advanced HARPSS-based fabrication process which 
will be explained in the following section.  
SF6 : 130 SCCM, C4F8 : 50 SCCM
O2 : 10 SCCM, Time : 2min 
SF6 : 130 SCCM, C4F8 : 90 SCCM
O2 : 10 SCCM, Time : 10min 
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2.4. Improved HARPSS-On-SOI Process 
It was shown in Chapter I that the major challenge for implementation of RF 
compatible high frequency capacitive resonators is the small electromechanical coupling 
coefficient of the electrostatic transducers and consequently, high impedance and low 
power handling of such devices.  One of the aspects of the solution to this problem is 
design optimization of the resonator mechanical structures to maximize electrode 
transduction area while maintaining high operating frequencies and quality factors.  On 
the device fabrication front, it is well known that reduction of the transduction capacitive 
gap sizes can significantly reduce the impedance of the resonators.  In addition, 
increasing the resonator thickness which is a unique feature of the HARPSS fabrication 
process can help further increase the electrode area and consequently reduce the 
impedance and increase the power handling of the resonators.  
Several versions of the HARPSS-based fabrication processes for implementation of 
SCS resonators with polysilicon electrodes were described in the previous sections.  
Despite all the progress and demonstrated operational high-Q resonators, there are still 
processing issues and limitations for achieving the potentially infinite gap aspect ratio 
promised by the HARPSS process.  As an ultimate solution to the existing problems, an 
advanced version of the HARPSS-On-SOI process was developed.  The main goal in 
development of this version of the process was to completely eliminate the polysilicon 
etching step to avoid the problems associated with it (undesired polysilicon residues).  
The process flow is designed so that after formation of the sacrificial oxide and refilling 
the trenches with polysilicon, the resonator-electrode gaps remain completely untouched 
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all the way to the end of the process when the sacrificial oxide is etched in HF.  This way 
the resonator gap defined by the sacrificial oxide will be extremely clean and intact until 
during the process and there will be no limit on the resonator capacitive gap aspect ratio.  
To achieve this goal a few lithography steps as well as an initial thin nitride layer were 
added to the process flow.  Nitride is used as a mask for oxidation of silicon.  The added 
lithography steps and nitride layer, provide much higher flexibility and new capabilities 
for the process to implement a variety of new devices and structures that were not 
possible using the previous versions.  Operating resonators with gap aspect ratio as high 
as 460 have been demonstrated using this fabrication technique which is much higher 
than the highest demonstrated gap aspect ratios for the previous versions of the process 
(~160) or the maximum achievable aspect ratios using the state of the art DRIE systems 
(~60 as reported in [39]).   
The process flow for the improved HARPSS-On-SOI process is shown in Fig. 2.20.  
The process starts with deposition of a thin LPCVD nitride layer (~1000-2000Ǻ) which 
will be used as an oxidation mask for silicon during the upcoming oxidation steps in the 
process.  A comparatively thick layer of LPCVD silicon dioxide is then deposited on top 
of the nitride layer.  This oxide layer plays a similar role as the initial oxide on the 
previous version of the process and is used as an etch mask for the silicon device layer.  
Depending on the thickness of the SOI device layer, the thickness of this oxide layer can 
be between 0.5 to 2.5µm.  The LPCVD oxide layer is then patterned by plasma etching.  
In this step trenches defining the boundary of the resonators are etched all around them in 
the oxide layer (Fig. 2.20a).  The oxide etch has to be timed precisely to avoid etching of 
the underlying nitride layer.  The second lithography step covers all the area with 
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photoresist except the locations where the polysilicon electrodes are to be formed, i.e. the 
oxide trenches are only exposed at electrode locations. 
This is one of the major differences between this process flow and the previous 
version.  In the previous approach silicon trenches were etched all around the resonator 
and in the end polysilicon was removed at undesired locations to leave the electrodes 
behind.  In this approach poly refilled trenches are only formed at required (electrode) 
locations and therefore no poly etch-back inside the trench will be required at the end of 
the process.  The next few steps are trench etching (all the way to the SOI buried oxide 
layer) sacrificial oxide growth (Fig. 2.20b) and polysilicon trench refill which is part of 
all HARPSS-based fabrication processes.  Polysilicon is then etched back to expose the 
initial oxide and nitride layers for patterning (Fig. 2.20c).  Next, the remaining initial 
oxide is patterned and kept only on top of the resonators and their polarization voltage 
bond pads (similar to the previous process).  In other words oxide is kept on locations 
were the device layer is to remain and be part of the completed device (Fig. 2.20d).  Wet 
etching in BOE is used in this step for oxide etch back because typical oxide plasma 
etching recipes have a very low selectivity to nitride and result in complete removal of 
the nitride layer at locations were oxide is already removed.  To have a more reliable 
mask for thick oxide patterning in BOE, a thin layer of polysilicon (~1µm) is kept on the 
surface during poly etch-back to be patterned in the following lithography (oxide 
patterning lithography) and protect its underlying oxide layer flawlessly.  The undercut 
and possible feature distortions caused by this wet etch step will not jeopardize resonator 
performance since it defines only non-critical features e.g. anchors and bondpads. 
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The fourth lithography step is for patterning the nitride layer.  The nitride needs to be 
removed at locations were electrical connection between the silicon device layer and pad 
polysilicon is required (Fig. 2.20d).  In addition if the nitride is removed on locations 
were will not be covered by pad polysilicon later on, an oxide layer will be grown during 
the final oxidation step.  Therefore, such parts of the silicon substrate will survive during 
the final patterning of the device layer. 
The next step is deposition and patterning of the pad polysilicon (Fig. 2.20e).  The 
process is followed by a thick wet oxide growth (0.5-1.5µm depending on the device 
layer thickness).  During this oxidation step any polysilicon or silicon surface which is 
not covered by nitride will be oxidized (Fig. 2.20f) and therefore protected during the 
final silicon etching for patterning the substrate and releasing the resonators.  The 
substrate is now ready for final device layer patterning without the need for additional 
lithography.  The resonator bodies are protected by the thick initial oxide and the 
polysilicon pads and electrodes are protected by the thermally grown oxide during the 
last oxidation step (Fig. 2.20g).  The thin nitride layer covering the area in between the 
resonators acts as a mask during the oxidation step and protects its underlying silicon 
device layer from oxidation.  The thin nitride will be removed during the final silicon 
etch and therefore the underlying silicon will be etched away leaving behind isolated 
islands of silicon for different devices.  Finally the structures are released and undercut in 
a hydrofluoric acid (HF) solution (Fig. 2.20h).  The remaining nitride layer on top of the 
resonator structures will be removed during this long HF release as well. 
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Figure 2.20.  Process flow for the advanced HARPSS-On-SOI process.  Using silicon 
nitride for self-aligned definition of the resonator and electrode boundaries. 
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Figure 2.21 shows the SEM view of fabricated SiBARs using the described 
fabrication process.  As seen in the SEM pictures, the electrodes for these resonators 
expand all around the resonator and surround the support beams as well.  Such expanded 
electrodes do not deteriorate device performance; however facilitate fabrication of the 
resonators with perfectly symmetric shapes and possibly higher fabrication yield. 
 
   
 
Figure 2.21.  SEM view of 20µm thick SiBARs with 125nm capacitive gaps fabricated 
using the improved HARPSS-On-SOI fabrication process. 
 
 
Moreover, as mentioned previously, the main advantage of this processing approach 
is that the whole electrode area will be covered by sacrificial oxide and polysilicon right 
after getting etched and stays untouched all the way to the end of the process when it is 
released.  This enables implementation of ultra-high-aspect-ratio capacitive transduction 
gaps between the SCS resonators and their polysilicon electrodes.  Figure 2.22 is the 
SEM photograph of a 30µm thick SiBAR with 65nm capacitive gaps, exhibiting a gap 
aspect ratio of ~460. 
Surrounding 
Polysilicon Electrode 
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Figure 2.22.  SEM view of a 30µm thick resonator with 65nm gaps representing a gap 
aspect ratio of ~460. 
 
Fabrication of resonators for which the electrodes do not extend all around the 
resonator, e.g. I-BARs [40,41], using the improved process is more risky.  Although such 
devices still benefit from untouched ultra-high aspect ratio transduction gaps, at the 
transition point from the area covered by the electrodes to the uncovered area, asymmetry 
and slight distortion of the resonator shape can occur.  Figure 2.23 shows the close-up 
view of the electrode edge for a 20µm thick I-BAR with 125nm capacitive gaps showing 
how the resonator sidewall is slightly distorted at the transition point although being 
Gap Aspect 
Ratio ~ 460
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completely clean and operational.  Figure 2.24 shows an overall view of some of the 
fabricated I-BAR resonators. 
 
 
Figure 2.23.  Close-up of electrode edge for a 20µm thick SiBARs with 125nm capacitive 
gaps showing slight distortion of the resonator sidewall at the transition point. 
 
 
 
   
 
Figure 2.24.  SEM view of 20µm thick I-BARs with 125nm capacitive gaps fabricated 
using the improved HARPSS-On-SOI fabrication process. 
 
 
The improved HARPSS-On-SOI process has only one additional lithography step 
compared to its previous version (a total of 5 mask layers), however the added nitride 
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layer and process steps add tremendous new possibilities and capabilities to the process 
that were not available before.  As an example nitride can be used as an electrical 
isolation layer which stays intact during HF release.  It enables having isolated silicon 
and polysilicon layers on top of each other without the polysilicon being suspended.  This 
capability can be deployed for implementation of large biasing resistors (e.g. for 
capacitively coupled resonator filters), using ultra-long tracks of isolated polysilicon on 
top of a silicon island as shown in Fig. 2.25. 
 
   
Figure 2.25.  Capacitively coupled SiBARs with coupling capacitor bias provided by a 
large integrated polysilicon resistor.  The polysilicon tracks are electrically isolated from 
the underlying silicon island. 
 
 
Figure 2.26 shows another example of new possibilities enabled by the improved 
process.  The polarization voltages for the electrostatically coupled resonators of Fig. 
2.26 are isolated from their coupling voltages.  The polysilicon pad on top of the 
polarization voltage silicon pads are electrically isolated from them by the initial nitride 
and oxide layers.  The polysilicon carrying the coupling voltage bridges over the body of 
the resonator without touching it and connects to the polysilicon electrode which is 
physically connected but electrically isolated from the resonator body. 
Large integrated 
Polysilicon 
resistor 
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Figure 2.26.  SEM view of electrostatically coupled SiBARs with independent coupling 
voltages.  The polysilicon pad and electrode are physically connected to the SCS body 
but electrically isolated from them by the nitride layer. 
 
In addition to the abovementioned possibilities the thin nitride layer can also be used 
for simultaneous monolithic fabrication of dielectric-based sensors and actuators, e.g. 
dielectric gap resonators and filters [42,43].  
Bridging Polysilicon 
Polysilicon 
Pad 
Polysilicon Electrode 
SCS Resonator 
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CHAPTER III  
Fully SCS Resonators with Deep Submicron Dry-
Etched Capacitive Gaps 
 
This chapter reports on an alternative approach investigated under this project for 
implementation of high frequency SCS resonators with nanoscale capacitive transduction 
gaps.  In this approach, the capacitive gaps are formed by dry etching of silicon in a deep 
RIE (DRIE) silicon etcher.  The mask features defining the submicron width of the 
transducer gaps are created in a self-aligned manner using regular optical lithography.  
This is enabled using a novel processing technique [24] that uses the thickness of a 
deposited sacrificial polysilicon layer to define the gaps.  The submicron gaps are then 
dry-etched using the Bosch process in an ICP system. 
In the HARPSS-based fabrication processes, the submicron transducer gaps are 
defined and formed between silicon structures by a deposited or grown thin silicon-
dioxide sacrificial layer.  A similar approach but with the opposite choice of materials is 
used in this chapter to form silicon dioxide structures with a thin polysilicon sacrificial 
layer in between them.  The oxide structure is then used as a mask for silicon DRIE 
transferring the submicron features into the silicon substrate.  The resulting structure on 
the silicon substrate will be fully made of single crystal silicon (as opposed to the 
HARPSS approach which is a mixture of poly and SCS).  This can alleviate some of the 
fabrication and testing problems associated with using polysilicon, e.g., polysilicon etch-
back issues, polysilicon quality degradation caused by exposure to HF, and release of 
polysilicon debris in small capacitive gaps.  In addition, dry-etched capacitive 
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transduction gaps usually demonstrate superior electrical isolation and tolerate higher 
polarization voltages. 
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3.1. Deep-submicron Trench Definition and Etching 
In order to implement fully-SCS resonators with ~100nm capacitive gaps, the 
possibility of etching deep-submicron trenches in silicon using the Bosch process was 
first to be investigated.  Figure 3.1 shows the processing steps used to create a silicon 
dioxide mask with deep-submicron polysilicon features enclosed in it.  A layer of oxide 
(~1µm thick) is first thermally grown or deposited on the silicon substrate.  This oxide 
layer is then patterned to form shallow and narrow (~1µm wide) trenches in the oxide.  A 
thin layer of sacrificial LPCVD polysilicon (~100nm) is then deposited that covers oxide 
trench sidewalls uniformly.  The shallow oxide trenches are subsequently refilled with 
LPCVD silicon dioxide.  The deposited oxide is etched back on the surface in an 
anisotropic plasma etcher so that the polysilicon on the sidewalls of the initial oxide 
trenches is exposed.   
The sacrificial polysilicon and the underlying silicon substrate are then etched using 
the Bosch process in an inductively coupled plasma (ICP) system.  This step takes 
advantage of the high selectivity of the Bosch process to silicon dioxide (>100:1) and 
enables etching a few microns deep into the silicon substrate with the comparatively thin 
oxide mask on the substrate.  After trenches are formed, the remaining oxide mask on top 
of the substrate can be removed with a quick dip in HF, leaving behind the nano-trenches 
in silicon.   
Figure 3.2 shows the cross section view of ~130nm wide, 2.6µm deep trenches with 
an aspect ratio (AR) of ~20:1 etched in the silicon substrate using the described technique. 
The trenches start to pinch-off on the bottom for AR >20:1. 
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Figure 3.1. Process steps for fabrication of self-aligned nano-trenches. 
     
Figure 3.2. 130nm wide trenches dry-etched using the sacrificial polysilicon technique 
and optimized Bosch process. 
 
As seen in Fig. 3.2, the resulting trench is wider than the initial opening in the oxide 
mask.  This is due to the undercut caused by the Bosch process which can not be 
completely avoided but can be reduced dramatically by proper characterization and 
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 50 
optimization of process parameters.  The trenches shown in Fig. 3.2 are the result of an 
optimized process after extensive characterization and observation of the effect of 
different parameters on the etch profile.  Figure 3.3 shows the trench profile etched 
through the same oxide mask using the regular silicon etch recipe used for >2µm wide 
trenches.  The undercut and trench sidewall roughness in Fig. 3.3 is much higher than that 
of Fig. 3.2 resulting in trench width ~0.5µm. 
 
Figure 3.3.  Trenches etched into the silicon substrate using the regular silicon DRIE 
recipe.  Etching through 75nm wide oxide openings result in trench width ~500nm due to 
excessive undercut. 
The following modifications were made to the etching recipe in order to improve the 
trench profile and reduce the undercut and surface roughness, which in turn resulted in 
the ultra-thin high aspect-ratio trenches of Fig. 3.2: 1) the platen RF power was increased, 
and the processing pressure was reduced to add to the directionality of the attacking ions 
in plasma and increase anisotropy; 2) the length of etch and passivation cycles was 
reduced, so that the amount of silicon etched during each cycle (and consequently the 
sidewall roughness) is decreased.  The processing conditions for both the regular recipe 
and the optimized recipe are summarized in Table 3.1. 
75nm 
500nm
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Table 3.1. Process conditions used for nano-trench etching. 
 Passivation time (s) 
Etching 
time (s)
Pressure 
(mTorr)
RF Platten 
Power (W) 
RF Generator 
Power (W) 
Regular Recipe 5 7 20 11 600 
Nano-trench Recipe 3 4 8 25 600 
 
Last but not least, for successful etching of narrow trenches, it is necessary that the 
shallow oxide trenches formed in the first oxide layer have completely vertical or very 
close to vertical sidewalls.  If the trench sidewalls are not vertical, the directional access 
of the anisotropic etch plasma to the silicon substrate will not be efficient.  In order to 
achieve vertical sidewalls for the oxide shallow trenches, negative photoresist with 
properly adjusted exposure time was used to pattern the initial oxide.  Figure 3.4 shows 
the cross-section of shallow trenches of oxide with vertical sidewalls etched using 
negative photoresist (NR7-1500P from Futurrex). 
 
Figure 3.4. Cross section of vertical shallow trenches of oxide etched using negative 
photoresist. 
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3.2. Resonator Fabrication and Measurement 
The described nano-trench etching technique was utilized to fabricate fully SCS 
resonators with deep-submicron capacitive transducer gaps.  The resonators were 
fabricated on SOI substrates to facilitate isolation and release undercut of the structures.   
Figure 3.5 shows the process steps for batch fabrication of fully SCS resonators with 
the dry-etched ultra-thin trenches for capacitive transduction.  The initial oxide is 
patterned using negative photoresist so that the resonator body and the wirebonding pads 
are covered by the initial oxide and narrow vertical trenches are etched in oxide at the 
electrode locations (Fig. 3.5a).  Fabrication sequence continues by deposition of the 
LPCVD sacrificial polysilicon and refilling shallow trenches with silicon dioxide.   
LPCVD oxide is then etched back anisotropically to expose sacrificial polysilicon.  If 
etched in this step, nano-trenches will be formed all along the sidewalls of the shallow 
trenches including around the pads leaving behind undesired thin strips of silicon.  
Therefore, an extra lithography step is required to remove the LPCVD oxide on the 
sidewalls of the pads except the electrode area (Fig. 3.5b).  The third and last lithography 
step is to physically anchor the drive and sense electrodes to their pads.  For this purpose 
the shallow trenches are partially extended into the pad area and the extensions will be 
covered by photoresist (Fig. 3.5c) to protect them against the plasma etch.  The nano-
trench are then etched and at the same time the silicon substrate is patterned to form the 
body of the resonators and provide electrical isolation between the electrodes.  Finally, 
the resonators are released in HF and the oxide mask on top is removed at the same time 
(Fig. 3.5d). 
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 (a) (b) 
          
 (c) (d) 
Figure 3.5. Fabrication sequence for fully SCS resonators with dry-etched narrow 
trenches as transducer gaps: a) Initial oxide growth and patterning (~1µm thick), b) 
Deposition of sacrificial LPCVD polysilicon, trench refilling with LPCVD oxide, oxide 
etch back, c) Protection of electrode supports with PR, nano-trench etching and substrate 
patterning, d) PR removal, resonator undercut in HF 
 
A number of beam resonators with various dimensions and capacitive gap sizes were 
fabricated on 4-5µm thick low resistivity SOI substrates using the described process 
sequence.  Figure 3.6 shows the SEM view of a fabricated 3.7µm wide, 4µm thick, 54µm 
long all SCS beam resonator with 200nm capacitive gaps.   
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Figure 3.6. SEM view of a 3.7µm wide, 4µm thick, 54µm long all SCS beam resonator 
with 200nm gaps.  
Figure 3.7a shows the close up view of the beam resonator of Fig. 3.6 and Fig. 3.7b is 
the top view of its electrode area, showing the 200nm capacitive gaps in between the SCS 
electrodes and the beam resonator.  Figure 3.8 shows the cross-section of a 350nm dry-
etched vertical capacitive gap between the SCS beam resonator and its SCS electrode.   
 
     
 (a) (b) 
Figure 3.7. Close-up of the beam resonator of Fig. 3.6 and its electrode area showing the 
200nm capacitive gap in between the SCS electrodes and resonator. 
200nm Gaps 
SCS 
Electrodes 
Input 
Anchor and 
Polarization Voltage 
Pad
Output 
Beam 
Resonator 
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Figure 3.8.  Cross-section of a 350nm wide dry etched capacitive gap between the SCS 
beam resonator and its electrode.   
The fabricated beam resonators were tested in a two-port configuration under vacuum 
using a vacuum probe-station.  Figure 3.9 shows the frequency response measured for the 
fundamental flexural resonant mode of the 3.7µm wide, 54µm long beam resonator of 
Fig. 3.6.  A quality factor of 5,400 was measured for this device at 7.9MHz, which is 
close to the maximum achievable Q for a beam resonator with such dimensions (limited 
by support loss).   
 
Figure 3.9. Frequency response of the 3.7µm wide, 54µm long beam resonator of Fig. 3.6 
in vacuum. 
350nm
4.5µm 
f = 7.9MHz 
Q = 5,400
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Figure 3.10 shows the frequency response of a 3.7µm wide, 40µm long beam 
resonator with 350nm capacitive gaps, measured in both vacuum and air.  The measured 
quality factor is 1,800 in vacuum and 300 in air.  The lower Q of this beam in vacuum 
compared to that of Fig. 3.9 is due to its smaller aspect ratio and larger support loss.  
 
      
Figure 3.10. Frequency response of a 3.7µm wide, 40µm long fully SCS beam resonator 
in vacuum and air. 
Figure 3.11 illustrates the electrostatic frequency tuning characteristics of the 8MHz 
beam resonator of Fig. 3.6.  A tuning range of 288kHz with tuning slope as high as 
950ppm/V has been achieved for this device by changing the polarization voltage from 
5V to 70V.  According to Eq. 3.1 [26], the measured tuning characteristic confirms a 
capacitive gap size of  ~200nm between the electrodes and the resonator. 
 3
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Figure 3.11. Measured electrostatic frequency tuning for the beam resonator of Fig. 3.6 
confirming a capacitive gap size of  ~200nm. 
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CHAPTER IV  
ELLIPTICAL BULK-MODE DISK RESONATORS  
Bulk modes of disk structures have been traditionally used for demonstration of high 
frequency capacitive MEMS resonators.  Polysilicon disks operating in both radial 
contour mode [16,22] and elliptical mode [19] (also known as wine-glass mode), have 
been demonstrated.  Due to much larger stiffness of the resonator structures operating in 
their bulk mode, such devices can demonstrate much higher frequencies compared to the 
flexural modes.  Frequencies well in the 100MHz range can be achieved for such modes 
while having dimensions in the tens of micron range (with silicon as the structural 
material).  Because of popularity and high quality factors illustrated by disk structures, 
disk resonators were the first to be investigated in this work using the HARPSS process 
for demonstration of SCS high frequency resonators.  For contour mode operation of disk 
resonators, the resonance node is only at the center of the disk.  Therefore, to achieve 
high quality factors they need to be supported at the center which is not an easy task 
using the HARPSS process.  As a result the work on HARPSS disk resonators was 
mainly focused on elliptical modes for which there are a number of nodal points around 
the disk periphery in addition to its center [25-28].  This enables high-Q operation of such 
devices while being supported from the side at their resonance nodes.  The following 
sections report on modeling, fabrication and testing of elliptical mode HARPSS SCS disk 
resonators. 
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4.1. Electromechanical Modeling of Elliptical Bulk-Mode 
Capacitive Disk Resonators 
Figure 4.1 shows ANSYS simulation results for a disk resonator operating in its 
elliptical bulk mode.  In the elliptical (wine-glass) mode, the disk resonator is squeezed 
along one axis while it expands along the perpendicular axis resulting in an ellipsoid-like 
deformed shape at resonance.  For HARPSS SCS implementation of such resonators the 
anisotropy of silicon as the structural material has to be taken into account.  Typical SOI 
wafers used for fabrication of resonators in this work have (100) device layers.  In the 
(100) plane, there is a significant direction dependent Young’s modulus gradient ranging 
from 130GPa along <100> direction to 169GPa along <110> direction.  Since higher 
resonance frequencies without excessive dimension shrinkage is desired, <110> direction 
is considered the better option for fabrication of high frequency SCS resonators.  
Moreover, much smaller Poisson’s ratio of 0.064 in the <110> direction compared to 
0.279 in the <100> direction further increases the resonance frequency of bulk modes in 
<110> direction [44].  Figures 4.1a and 4.1c show finite element analysis of elliptical 
resonance modes for SCS disks along <110> and <100> directions respectively showing 
an overall 22% higher resonance frequency along the <110> direction. 
Analytical derivations for anisotropic material are far more complicated than isotropic 
materials.  A comparison between resonance modes in anisotropic SCS and isotropic 
material with similar properties are presented in Fig 4.1.  Figure 4.1b and 4.1d show 
modal analysis results assuming an isotropic structural material with similar mechanical 
properties (Young’s modulus and Poisson’s ratio) as of SCS in <110> and <100> 
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directions respectively.  Resulting resonance frequencies turn out to be very close to that 
of the anisotropic material in both <110> and <100> directions. 
 
 
 
 
 
Figure 4.1. FEA Analysis results for elliptical bulk-mode of a disk of diameter 29.4µm 
and thickness 3µm, supported at its center, with the anisotropic and isotropic material 
properties of single crystal silicon (legend shows the relative displacement distribution 
across the disk resonator and solid line denotes the undeformed shape). 
 
The resonant frequency for the elliptical bulk mode of a thin disk resonator with 
isotropic structural material can be calculated using Eq. 4.1 [44]: 
(a) Elliptical bulk-mode along <110> 
anisotropic material properties of 
silicon, f=148MHz.  
(b) Elliptical bulk mode for isotropic 
material with properties as of silicon along 
<110> (E=169GPa, υ=0.064), f=148MHz  
(c) Elliptical bulk-mode along <100>, 
anisotropic material properties of 
silicon, f=121MHz  
(d) Elliptical bulk mode for isotropic 
material with properties as of silicon along 
<100> (E=130GPa, υ=0.279), f = 119MHz 
<100> 
<110> 
45º 
<100> 
<110> 
45º 
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 )21(2 υρπ −⋅
⋅= E
R
m
k
m
f  (4.1) 
where k is the frequency constant and is equal to 1.6002 for SCS in <110> direction, R is 
the disk radius, and E, ν, and ρ are the Young’s modulus, Poisson’s ratio, and density of 
the structural material respectively.  According to the simulation results presented in Fig. 
4.1, this equation can also be used for anisotropic structural materials such as SCS with 
good approximation. 
Figure 4.2 shows the ANSYS simulation results for a thicker disk resonator (10µm 
thick, 29.5µm diameter) operating in its elliptical mode.  The resonance frequency given 
by ANSYS for the thicker resonator of Fig. 4.2 is almost equal to the thin ones in Fig. 
4.1.  As a conclusion equation 4.1 can also be used for prediction of resonance frequency 
of thick disk resonators with good approximation. 
To maximize the resonator quality factors, most of the disk resonators in this work 
are supported with only one support beam, which is placed at one of the locations with 
minimum vibration amplitude known as resonance nodes.  For operation along <110> 
direction the resonance node and consequently support beams have to be along <100> 
direction and vice versa.  The electrodes on the other hand need to be placed at locations 
with maximum vibration amplitude (antinodes) to maximize electromechanical coupling 
and output current of the resonator. 
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Figure 4.2. ANSYS simulation result for the elliptical resonance mode of a 10µm thick, 
29.5µm diameter disk resonator showing its mode shape.  The resonance frequency of 
148MHz is the same as that of the thin disk presented in Fig. 4.1. 
 
4.1.1. Equivalent Mechanical Model Derivation 
A mechanical equivalent model can be used to describe the dynamic behavior of a 
resonator.  To derive a mechanical equivalent model the effective mass, stiffness and 
actuation forces of the resonator need to be calculated first. 
Since the excitation and detection of the capacitive disk resonator is mainly through 
the gap variation along the radial direction, only the vibration along the radial direction is 
taken into account here and for simplicity the derivation is done in a polar system (Fig. 
4.3).  As shown in [44] the radial displacement of the disk resonator in its elliptical mode 
is simply a sinusoidal function and at the location (r,θ) can be written as [44]: 
 )()2cos(),( rUR
A
rU ⋅⋅= θθ  (4.2) 
Resonance 
nodes 
Resonance 
nodes 
undeformed 
shape 
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where )(2
2)(2
2)(1)( rhJr
rkJ
r
rkJkrU ′⋅⋅′+′⋅′−′⋅= ξ , is the dimension less 
normalized vibration amplitude, Rrr /=′  denotes the dimensionless radial  
coordinate, normalized to the disk radius R, A is the radial vibration amplitude, k and ζ 
are constant given in Table 4.1 and )1/(2. υ−= kh .  J1 and J2 are Bessel functions.  
Figure 4.3, shows an infinitesimal element as the reference point which is on the disk 
edge and along the circumferential direction θ.  The effective mass for the infinitesimal 
element, dθ, is proportional to its physical mass and its vibration amplitude squared [34].  
 θρθ dRURhm ⋅Σ⋅⋅⋅= 2/2)(   (4.3)  
where )(22)(22)(1 hJkJkJkR
U ⋅⋅+⋅−⋅= ξ  is the dimensionless constant for 
maximum radial displacement at the disk edge [44] and rdrrU ′⋅′⋅∫=Σ 10 2 is the integral 
for the kinetic energy.  Both Σ and UR are listed in Table 4.1 for different silicon-based 
material properties. 
 
Figure 4.3. An infinitesimal element dθ on the edge of the disk along the circumferential 
direction, θ 
θ 
dr 
dθ 
r 
Reference  
point 
R 
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Table 4.1. Constants related to the disk resonator elliptical bulk mode. 
 
 
The dynamic behavior of this infinitesimal element along the circumferential 
direction θ  can be described by the second-order equation of motion as below: 
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where cd is the damping-related coefficient for this element and fe(θ) is the radial 
electrostatic force per unit radian from the drive and sense electrodes. Multiplying 
Equation 4.4 by the mode shape of R
U⋅)2cos( θ  and integrating both sides of this 
equation, from 0 to 2π, gives rise to: 
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where A/R and Cd are the radial vibration amplitude and damping coefficient of the disk 
resonator, respectively. ω=2πf is the angular frequency of the elliptic bulk-mode. Hence, 
the equivalent mass and equivalent stiffness are, respectively, expressed as: 
 2/2 RURhM Σ⋅⋅⋅⋅= ρπ  (4.6) 
 2ω⋅=MK  (4.7) 
where 
2/ RUΣ  denotes the effective mass coefficient, as listed in Table 4.1.  Effective 
mass coefficient is the ratio of the effective mass to the real physical mass of the disk 
resonator. 
The capacitive gap is extremely small compared with the disk radius.  Therefore, the 
capacitances for the drive and sense electrodes can be calculated using a parallel-plate 
model.  Thus, the electrostatic excitation force per unit radian from the drive and sense 
electrodes, respectively, can be calculated as: 
 
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where gd and gs are the capacitive gaps for the drive and sense electrodes, respectively, 
and ε denotes the permittivity of air. 
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Substituting the above two equations into Equation (4.5) gives rise to the equivalent 
electrostatic stiffness and the equivalent force for the elliptic bulk-mode, respectively, 
expressed as: 
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Hence, the equivalent mechanical model for describing the dynamic behavior of the 
disk resonator can be further expressed as: 
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Taking into account the tuning effect of the polarization voltage through combining 
Equations (4.10) and (4.12), the resonant frequency of this device can be calculated by: 
 KsgdgpV
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 θθ
ε  (4.13) 
It can be seen from Equation (4.13) that the frequency-tuning capability of the device 
strongly depends on the capacitive gaps and the polarization voltage. Since fabrication 
tolerances are unavoidable, it is necessary to tune the frequencies of the disk resonators 
when deployed as arrays. As the disk scales down for higher frequencies with the other 
design parameters fixed, its frequency-tuning capability is decreased. In order to maintain 
certain frequency-tuning capability, it is required that either the capacitive gaps decrease 
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or the polarization voltages increase. It is worth noting that these two design parameters 
are limited by linearity in the device characteristics. 
 
4.1.2. Equivalent Electrical Model Derivation 
The resonators investigated in this work are expected to be used as electronic 
components and interact with other electrical components in an electronic system.  
Therefore, study of the electrical behavior of such devices by derivation of their 
equivalent electrical circuit is of great importance. 
As shown in Fig. 4.4, the two-port electrical equivalent circuit model for the disk 
resonator can be developed by derivation of its four Y-parameters (admittance 
parameters), which are defined as the ratio of the current measured at one port to the 
drive voltage at one of the ports while the other port of the circuit is shorted to ground. 
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Figure 4.4. Y-parameter representation of a generic two-port electrical circuit.  is, vs, id, 
and vd  are the current and voltage measured at the sense electrode (Port 2) and drive 
electrode (Port 1), respectively. 
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For capacitive micromechanical resonators, the admittance parameters can be further 
expressed in terms of the mechanical force-displacement transfer function for the disk 
resonator, )(/)( ωω jFjZ , and the electromechanical coupling at the input and output 
ports, η1,η2, η1′, and η2′.  Here, the displacement Z denotes the vibration amplitude A/R. 
The input and output coupling terms are expressed as: 
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where Qs and Qd are the charge going through the sense and drive electrode, respectively. 
While the electromechanical coupling from the drive electrode to the sense electrode is 
denoted by η1 and η2, the coupling from the sense electrode to the drive electrode is 
denoted by η1′ and η2′. 
Through combining the above equations, Y11 and Y21 can be rewritten as [45]:  
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From Equation (4.12), the force-displacement transfer function of the disk resonator 
can be expressed as: 
 
ωωω
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where Q is the quality factor of the disk resonator. 
Substituting Equation (4.11) into Equations (4.14) and (4.17) gives rise to the 
following expressions for the voltage-force transfer functions at the sense and drive 
electrodes: 
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The displacement-current transfer functions at the sense and drive electrodes can be 
written as: 
 )()sin(2)(1 pVeRU
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Substituting Equations (4.21) to (4.24) into Equations (4.18) and (4.19) results in the 
transfer functions in the form of admittance of series RLC tanks with the equivalent 
inductance, capacitance and resistance expressed, respectively, as below:  
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where R21 is commonly referred to as the motional resistance and also denoted by Rm. 
Following the same procedure, Y12, and Y22 can be derived as: 
 
2
1
22
1
2
112112 η
η
η
η ′=′== YYYY  (4.28) 
Finally, since the two trans-admittance parameters (Y12 and Y21) are equal and in the 
form of the admittance of a series RLC tank, the equivalent circuit model will include a 
series RLC connecting the two ports.  On the other hand, the input and output 
admittances (Y11 and Y22) have the same transfer functions as the trans-admittance 
parameters scaled by the constant factors, ′
1
2
η
η
 and 
2
1
η
η ′
.  Adding transformers with the 
same transformation ratios ( ′12 :: ηη ) to the input and output ports of the RLC tank, 
will scale the input and output impedances to the required values without changing the 
trans-admittance parameters.   
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The equivalent circuit model shown in Fig. 4.5 has all the admittance parameters 
derived for the resonators and can be used for describing the electrical behavior of the 
disk resonators.  Cdo and Cso are the static capacitances of the drive and sense electrodes, 
respectively.  When interconnect pads are added to the input and output of the resonator, 
the capacitances related to the pads should be included in Cdo and Cso. 
 
 
 
 
Figure 4.5. The equivalent circuit model for a capacitive disk resonator consisting of a 
series RLC tank terminated with two transformers at the input and output ports counting 
for asymmetry between the two electrodes 
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4.2. Testing and Characterization of High Frequency Disk 
Resonators 
The experimental setup used for measurement of the fabricated disk resonators is 
illustrated in Fig. 4.6.  Unlike low frequency beam resonators for which an amplifier was 
required to boost the small output signal to detectable levels for the network analyzer, the 
output signal of the high frequency ultra-stiff resonators can be detected by direct 
connection to the 50Ω input of the network analyzer.  This is mainly due to much larger 
power handling of such resonators, which is a result of much larger structural stiffness as 
well as higher operating frequency.  Although the resonators still have very large 
impedance in the MΩ range, resulting in large insertion loss when connected directly to 
the 50Ω input, larger input signals can be applied to such devices to obtain large enough 
output signals that can be measured by the network analyzer. 
 
 
Figure 4.6.  Schematic diagram of the test setup for measurement of high frequency 
resonators. 
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Figure 4.7 illustrates the frequency response of the 29.4µm diameter, 3µm thick disk 
resonator that was discussed and shown in Chapter II, Fig. 2.6 under 100mTorr vacuum.  
The disk is supported by a 1.7µm wide, 2.7µm long support beam at only one resonance 
node.  A quality factor of 39,300 has been measured under vacuum for the elliptical bulk-
mode of this resonator at 147.8MHz which is a very high and satisfactory quality factor 
value for such a high frequency.  However, the measured equivalent electrical impedance 
of 883kΩ for this resonator remains the main drawback for using such devices for real 
electronic applications.  The same disk resonator was also operated in atmospheric 
pressure and demonstrated a quality factor of 8,200 (Fig. 4.8) with an even higher 
motional resistance of 2.2MΩ.   
For lower frequency flexural mode beam resonators for which the quality factors 
drops drastically in air to very low values (typically below 100) making the resonance 
peak very hard or impossible to detect.  However, as demonstrated here, higher frequency 
bulk mode resonators can maintain high quality factors in the tens of thousand under 
atmospheric pressure.  This is primarily due to extremely high mechanical stiffness and 
larger amount of stored energy in the structure in each resonance cycle for the bulk mode 
resonators.  This is while the amount of energy lost by air damping is pretty much in the 
same range.  Therefore, the percentage of energy lost by air damping compared to the 
overall stored energy is much smaller for bulk mode resonators resulting much higher 
quality factors [19-21,25-29]. 
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Figure 4.7. Measured frequency response of the 29.4µm diameter, 3µm thick SCS disk 
resonator of Fig. 2.6 in vacuum. 
 
 
Figure 4.8. Measured frequency response of the 29.4µm diameter disk resonator of Fig. 
2.6 in air. 
 
 
Q ~ 8,200 at 147.8MHz in air 
Vp = 17V, Rm = 2.073MΩ 
Q ~ 39,300 at 147.8MHz 
Vp = 12V,  Rm = 883kΩ 
In Vacuum
In Air
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4.2.1. Thick SCS Disk Resonators: Towards Lower Motional Impedance 
The luxury of having thick resonant structures with nano-scale gaps provided by the 
HARPSS-based fabrication processes can be utilized to attack the extremely high 
motional resistance issue for the high frequency capacitive resonators.   As demonstrated 
in Chapter II, 18µm thick disk resonators were successfully fabricated using the 3-mask 
HARPSS-On-SOI process (Fig. 2.12).  A test setup similar to the one shown in Fig. 4.6 
was used to test the fabricated thick disk and block resonators in a two-port 
configuration. 
Figure 4.9 shows the frequency response of the 18µm thick disk resonator of Fig. 
2.12, operating in its elliptical bulk mode at 149.3MHz both in vacuum and air.  A 
Quality factor of 25,900 was measured for the 18µm thick resonator in air (Fig. 4.9a), 
over 3X larger than that of its 3µm thick counterpart (Fig. 4.8).  The measured quality 
factor for the same resonator in vacuum is 45,700 (Fig 4.9b), which is slightly larger than 
that of the 3µm thick resonator (Fig. 4.7).   
Comparing the frequency plots in Figs. 4.7, 4.8 and 4.9, improved signal to noise 
ratio for the thicker resonator is apparent.  Despite having larger capacitive gap size, over 
20X lower motional resistances (43.3kΩ in vacuum and 91.2kΩ in air) was measured for 
the 18µm thick resonator comparing to the 3µm thick resonator.  Lower motional 
resistance is partly due to increased number of electrodes in the design and partly due to 
much larger device thickness.  Two times larger sense and drive electrode effective area 
means two times larger actuation force and two times larger sensitivity resulting in a total 
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of four times lower motional resistance.  In addition, 6 times larger device thickness 
results in an additional 6X lower motional resistance for the resonator.  
 
     
 (a) (b) 
Figure 4.9.  Frequency response of the 18µm thick, 29.2µm diameter disk resonator: (a) 
in air, (b) in vacuum. 
 
 
Figure 4.10a shows the frequency response and SEM view of a single support 10µm 
thick, 19.0µm diameter disk under vacuum showing a quality factor of 35,500 at 
resonance frequency of 229.5MHz.  The capacitive gap size for this resonator is 75nm 
which is the smallest capacitive gap size demonstrated using the HARPSS process for 
disk resonators and represents a gap aspect ratio of over 130.  Such large aspect ratio can 
not be achieved using any of the available anisotropic plasma etching tools.  Due to very 
small size of capacitive gaps (75nm) and large resonator thickness, comparatively low 
motional resistance is measured for this resonator with polarization voltage of only 8 
volts.  The old electrode layout has been used for this resonator which incorporates only 
Q ~ 45,700 at 149.3MHz 
Vp = 17V,  Rm = 43.3kΩ 
Q ~ 25,900 at 149.3MHz in air 
Vp = 15V,  Rm = 91.2kΩ 
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two electrodes on the two sides of the disk and yet a four times decrease in the motional 
resistance for the same resonator can be achieved by using the new design with four 
electrodes.  Figure 4.10b is the frequency response of a similar resonator with a diameter 
of 29.0µm, showing a quality factor of 48,800 at resonance frequency of 150MHz 
operating with a polarization voltage of only 3V. 
Table 4.2 summarizes the measurement results for different disk resonators and 
compares them to the calculated values using Eq. 4.27 showing excellent agreement 
between measurement and theory. 
   
 (a) (b) 
Figure 4.10. Frequency response of 10µm thick, single support disk resonators with 
75nm capacitive gaps under vacuum: (a) D = 19.0µm, (b) D = 29.0µm. 
 
 
 
 
 
 
Q ~ 35,500 at 229.5MHz 
Vp = 8V,  Rm = 181.5kΩ 
Q ~ 48,800 at 149.98MHz 
Vp = 3.0V, Rm = 293kΩ 
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Table 4.2. Comparison of the measurement results for different disk resonators with the 
calculated values. 
 
Resonator     
Dimensions 
(µm) 
fmeas 
(MHz) 
fcalc 
(MHz) 
Gap 
Size 
(nm) 
Qvac 
Rmeas,vac 
(kΩ) 
Rcalc,vac 
(kΩ) 
f.Q 
Product 
(×1012) 
D = 29.4 
h = 3 147.8 148.0 120 39,300 
883 
(Vp=12) 
756 5.8 
D = 29.2 
h = 18 149.3 149.0 160 45,700 
43.3 
(Vp=17) 
42.6 6.8 
D = 29.0 
h = 10 150.0 150.0 75 48,800 
293 
(Vp=3.0)
339 7.3 
D = 19.0 
h = 10 229.5 228.9 75 35,500 
182 
(Vp=8.0)
179 8.1 
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CHAPTER V  
CAPACITIVE SILICON BULK ACOUSTIC WAVE 
RESONATORS 
High frequency disk resonators operating in their elliptical bulk modes with high 
quality factors were demonstrated in the previous chapter.  Based on the 
electromechanical equivalent model derived in the previous chapter it can be shown that, 
although very challenging, impedances in the sub-kiloOhm range are achievable for VHF 
disk resonators by aggressive pushing of the fabrication limits towards smaller gap sizes 
and larger device thickness.  However, for higher operating frequencies in the UHF 
range, disk resonators will have diameters smaller than 15µm.  Hence, the available area 
for sensing and actuation will be extremely limited resulting in even higher impedances.  
On the other hand, excessive reduction of the gap size will eventually result in non-
linearity and limit the dynamic range of the device.  Moreover, the maximum applicable 
bias voltage reduces by decreasing the gap size and partially cancels the effect of gap size 
reduction on the electrical impedance of the resonator.   
The abovementioned limitations for the disk structures motivated development and 
characterization of a new category of resonators based on the longitudinal modes of block 
structures.  Such resonator structures known as Silicon Bulk Acoustic Wave Resonators 
(SiBAR) can have high frequency bulk resonance modes while maintaining a 
comparatively large transduction area to alleviate the impedance and power handling 
issues significantly.  SiBARs enable implementation of low impedance VHF and UHF 
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capacitive resonators without the need for aggressive reduction of the capacitive gap 
sizes.  
 81 
5.1. Electromechanical Modeling of Silicon Bulk Acoustic Wave 
Resonators 
High frequency extensional mode of the in-plane block resonators is a much stronger 
candidate for implementation of high frequency, low impedance capacitive resonators.  
The block structure can be enhanced along its non-frequency-determining horizontal 
dimension (referred to as “length”) providing a large transduction area while maintaining 
its high operating frequency by keeping the same frequency-determining dimension 
(referred to as “width”).  Such resonator structures resemble the high frequency film bulk 
acoustic wave resonators (FBAR), where a plate of the piezoelectric film is actuated in its 
thickness mode by the metal electrodes on its two sides.  Figure 5.1 shows the schematic 
view of a piezoelectric FBAR (Figure 5.1a) as well as a capacitive silicon BAR (Figure 
5.1b).  SiBARs can be considered vertically placed versions of FBARs with a bare silicon 
resonating membrane that is operated electrostatically in its horizontal width extensional 
mode. 
As opposed to the FBARs where the resonant frequency is determined by the 
thickness of a deposited piezoelectric film, resonant frequency of the SiBARs is 
determined by their lithography defined horizontal thickness (width).  Therefore, 
resonators with different resonant frequencies covering a wide range can be fabricated on 
the same substrates simultaneously.  This includes frequencies in the VHF range which 
can not be implemented using FBAR technology due to the extremely large film 
thickness required.  In addition, frequency tuning capability offered by capacitive 
transduction mechanism can be used for post-fabrication fine-tuning of the resonators. 
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Furthermore, as opposed to the disk resonators, resonant frequency of the SiBARs 
can be scaled up by reducing their width (horizontal thickness) without decreasing the 
available transduction area. 
 
    
 
 (a) Piezoelectric FBAR (b) Vertical Capacitive SiBAR 
 
Figure 5.1. Schematic diagram of (a) a piezoelectric FBAR and (b) a vertical capacitive 
SiBAR. 
 
 
 
5.1.1. Extensional Mode SCS Block Resonators  
The idea of capacitive silicon bulk acoustic resonators (SiBAR) stems from the 
extensional mode of block resonators.  A number of high frequency block resonators 
designed for operation in their extensional mode were fabricated along with the disk 
resonators using the 3-mask HARPSS-On-SOI process.  Figure 5.2 shows the SEM view 
of a 30µm long, 20µm wide and 18µm thick block resonator, which is supported by a 
small support beam on one side.  Figure 5.3 shows the ANSYS simulation results 
SiBAR 
Electrodes 
Capacitive Gaps 
W
t
L 
Electrodes Piezoelectric Film 
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showing the extensional mode shape for this resonator.  The support beam is placed in the 
middle of the block length, which has the minimum vibration amplitude to minimize the 
support loss and maximize resonator quality factor. 
 
Figure 5.2. SEM view of a 30µm long, 20µm wide, 18µm thick block resonator with 
160nm capacitive gaps. 
 
 
 
Figure 5.3. ANSYS modal analysis results showing the mode shape for the first 
extensional mode of a 30µm long, 20µm wide, 18µm thick block resonator. 
Vp 
vin 
vo 
vin 
Extension Axis 
(Width) 
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Figure 5.4 shows the frequency response measured for the block resonator of Fig. 5.2 
both in vacuum and air.  The measured resonance frequency of 142MHz is in excellent 
agreement with the simulation results and the measured quality factor values are similar 
to that of the disk resonators with resonance frequencies in the same range. 
 
  
Figure 5.4. Frequency response of the single support block resonator of Fig.5.2 operating 
in its first extensional mode in vacuum and air. 
 
The resonance frequency for the length extensional mode of a long, narrow and thin 
block resonator can be calculated using Eq. 5.1: 
 ρ
E
L
n
nf ⋅= 2  (5.1) 
where n is the length extensional mode number, which is an integer (n = 1,2,…), L is the 
length of the block (for SiBARs the frequency determining dimension is resonator width 
and L has to be replaced by W), and E, ν, and ρ are the Young’s modulus, Poisson’s ratio, 
and density of the structural material respectively. 
 
Q ~ 45,200 at 142.2MHz 
Vp = 17V,  Rm = 242kΩ 
Q ~ 17,800 at 142.2MHz in air 
Vp = 15V,  Rm = 918kΩ 
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5.1.2. Equivalent Motional Resistance of SiBARs 
Equation 5.2 gives the electrical equivalent resistance for a generic two-port vertical 
(in plane) capacitive microresonator: 
 tLVQ
g
VtLQ
gKMR
eppe
m
... 22
4
2222
0
4 γ
ε
γ ∝=  (5.2) 
where K and M are the effective mechanical mass and stiffness of the resonator, g is the 
capacitive gap size, Q is the quality factor of the resonator, Vp is the applied polarization 
voltage, Le is the physical electrode length, t is the thickness (height) of the structure and 
γ , which will be referred to as “coupling ratio”, is a coefficient indicating how effective 
the electromechanical coupling between the resonator and the electrodes is.  The value of 
γ  varies from 1 for a completely uniform mode shape all along the electrode area, to 0 for 
a wavy mode shape with complete cancellation. 
The effective mass for the extensional mode of a block resonator is half the static 
mass of the resonator [46], i.e. (
2
... tWLM ρ= ), where ρ is the density of the structural 
material.  The effective stiffness can be calculated based on the effective mass and 
resonance frequency (K = Mω2).   
SiBARs are wide and thick block resonators operating in a similar resonance mode, 
therefore equation (5.1) can be used to calculate resonance frequency of SiBARs with 
good approximation.  It should be noted that for SiBARs, L in equation 2 has to be 
replaced by W, which is the frequency determining dimension in this case.  To determine 
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the exact resonance frequency of SiBARs finite element modal analysis needs to be 
performed for each specific set of dimensions. 
The coupling factor γ  can be calculated numerically for each mode shape using 
Equation 5.3: 
 ∫∫= A dydzzyXA ),(1γ  (5.3) 
where A is the electrode physical area, y and z indicate the location of each point on the 
resonator sidewall and X(y,z) is the normalized vibration amplitude at location (y,z) on 
the resonator sidewall.  The vibration amplitude is normalized to the amplitude for a 
completely undistorted, uniform mode shape (e.g. a thin, narrow block) actuated by the 
same actuation force density. 
Qualitatively, γ  is a measure of how flat or distorted the surface of the SiBAR facing 
the electrodes is at resonance.  Since for SiBARs the dimensions (or at least one 
dimension) of the electrode-facing surfaces, i.e. length and/or thickness, are larger than 
the acoustic wavelength at the operating frequency, a wavy pattern in the mode shape is 
usually observed.  In other words there is variations in the vibration amplitude along the 
length and/or thickness of the resonator.  Figure 5.5 shows ANSYS modal analysis 
results showing the width extensional mode shape for SiBARs with the same length and 
width but different thickness ranging from 0.2×width up to ~1.5×width .  As shown by 
the mode shapes shown in Fig. 5.5, for SiBARs with thickness < ~0.7×width, the width 
extensional mode is slightly distorted along the length of the resonator but all the points 
move in phase towards or away from the electrodes at resonance.  For SiBARs with 
thickness > ~0.7×width, the mode shape is significantly distorted and in most cases has 
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points moving in opposite directions with respect to electrodes.  This effect which is 
observed in FBARs as well [47], results in partial charge cancellation and consequently 
smaller output signal and larger motional impedance compared to a resonator with a 
completely flat (or in phase) mode shape.  To avoid charge cancellation and maximize 
the electromechanical coupling, precautions need to be taken in choosing the resonator 
dimensions. 
 
 
   
   
 
Figure 5.5. ANSYS modal analysis showing the width extensional mode shape for 
160µm long, 40µm wide SiBARs with thickness ranging from 8µm to 64µm showing 
how the mode shape becomes distorted as the resonator thickness increases. 
 
W = 40µm, L = 160µm 
t = 8µm, f = 106MHz 
W = 40µm, L = 160µm
t = 20µm, f = 105MHz 
W = 40µm, L = 160µm 
t = 36µm, f = 93.7MHz 
W = 40µm, L = 160µm
t = 64µm, f = 114MHz
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5.2. Fabrication, Measurement and Characterization of Silicon 
Bulk Acoustic Resonators 
The three-mask HARPSS-On-SOI fabrication process [27-29], already demonstrated 
its viability and versatility by implementation of high Q disk resonators, was used for 
preliminary demonstration of SiBARs.  A wide variety of SiBARs with different 
dimensions and capacitive gap sizes were fabricated on low resistivity SOI substrates 
[29].  The detailed measurement and characterization of such resonators is presented in 
the following sections. 
 
5.2.1 First Generation SiBARs: Matched Support Lengths 
  Figure 5.6 shows a fabricated 10µm thick, 20µm wide, and 80µm long clamped-
clamped SiBAR.  The resonator has 225nm capacitive gaps and is supported on its two 
sides by 3µm wide, 10µm long support beams.  Support beams are placed in the midpoint 
of the resonator width, which has zero vibration amplitude along the width axis.  In 
addition, the length of the supports is chosen to be equal to the quarter wavelength at the 
operating frequency (half of the BAR width) to match the frequency of the longitudinal 
mode of the support beam with the width extensional mode of the BAR.  Support beam 
with a matched frequency imposes less resistance against motion of the resonator and can 
minimize flow of energy to the substrate and maximize the quality factor of the resonator 
[15,20,21].  Figure 5.7 shows the close-up view of the support area for the same resonator 
and its capacitive gap. 
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Figure 5.6.  SEM view of a 20µm wide, 80µm long, 10µm thick SiBAR with 225nm 
capacitive gaps. 
 
 
 
Figure 5.7. Close up of the support area of the SiBAR of Fig. 5.6 showing the 225nm 
capacitive gap between the polysilicon electrode and SCS resonating body (electrodes 
cover the edges of the SiBAR). 
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The rectangular openings in the electrode pads are etched during the last lithography 
and etching step to facilitate and accelerate resonator undercut in HF. 
Fabricated resonators were tested in a two-port configuration using the same test 
setup as the one used for disk resonators (Fig. 4.6) by direct connection to the network 
analyzer.  Figure 5.8 shows the measured frequency response for the resonator of Fig. 
5.6.  Quality factors of 28,700 in vacuum and 20,200 in air were measured for the first 
width extensional mode of this resonator at 213.4MHz.  The measured quality factors are 
in the range of values measured for the side supported SCS disk resonators with similar 
operating frequency [26-28].  Electrical equivalent resistance as low as 6.3kΩ was 
measured for this resonator which is close to an order of magnitude lower than the lowest 
values demonstrated SCS disk resonators [26-28].   
     
Figure 5.8.  Frequency response of the SiBAR of Figure 5.6 in its first width extensional 
mode in vacuum and air. 
 
Q ~ 28,700 at 213.4MHz 
Vp = 100V,  Rm = 6.3kΩ 
In Air In Vacuum 
Q ~ 20,200 at 213.4MHz 
Vp = 50V,  Rm = 34.5kΩ 
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Figure 5.9 shows the ANSYS modal analysis for the SiBAR of Fig. 5.6 showing the 
mode shape for the measured resonance mode of Fig. 5.8.  There is a good agreement 
between the measured resonance frequency and the value given by the simulation.   
 
 
 
Figure 5.9.  ANSYS modal analysis showing the mode shape for width extensional mode 
of the resonator of Fig. 5.6. 
 
Figure 5.10 shows the measured frequency response and SEM of a 20µm thick, 30µm 
wide, 300µm long clamped-clamped SiBAR.  Quality factor of 39,800 and electrical 
resistance of 5.5kΩ was measured for the first mode of this resonator at 137.2MHz under 
vacuum.   
 
W = 20µm, L = 80µm 
t = 10µm, f = 209MHz 
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Figure 5.10. Frequency response and SEM view of a 20µm thick, 30µm wide, and 
300µm long clamped-clamped SiBARs. 
 
 
Frequency response as well as the SEM view of a 10µm thick, 15µm wide, and 
300µm long SiBAR is shown in Fig. 5.11 showing a quality factor of 24,200 at 281MHz 
for its first width extensional mode. 
 
   
Figure 5.11. SEM view and frequency response of a 10µm thick, 15µm wide, and 300µm 
long clamped-clamped SiBAR in vacuum. 
 
W = 30µm, L = 300µm
t = 20µm, g = 160nm 
Q ~ 40,000 at 137.2MHz 
Vp = 25V,  Rm = 5.5kΩ
In Vacuum 
In Vacuum 
Q = 24,200  
@ 281.5MHz 
Vp = 15V 
 Rm = 100kΩ 
W = 15µm, t = 10µm 
L = 300µm, g = 225nm 
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5.2.2. Second Generation SiBARs: Very Low-Impedance VHF Resonators 
SiBARs presented in the previous section [29] demonstrated significant superiority in 
impedance and power handling over the disk resonators while maintaining high quality 
factors in the same range.  For the previous generation of SiBARs the longitudinal 
resonance mode of the support beams was matched to the resonance frequency of the 
BAR by setting the beam length to a quarter wavelength at the operating frequency (half 
of the BAR width).  Although high quality factors were achieved for the SiBARs with 
quarter wavelength supports, but such comparatively long support beams result in 
excessive compliance of the resonator structure and reduce their capacity to tolerate large 
enough polarization voltages.  This in turn limits the minimum achievable motional 
resistances to a few kiloOhms.  In the second implementation of SiBARs, very short 
support beams were used to increase device stiffness without caring about frequency 
matching and Q-optimization.  Surprisingly it turned out that very high quality factors in 
the tens of thousand can still be achieved for the long SiBAR structures with 3-5µm long 
support beams [47].   
Figure 5.12 is the SEM view of a fabricated 20µm thick, 40µm wide, 150µm long 
SiBAR as well as the close-up of its 170nm capacitive gap.  The resonator is supported 
on the two sides by 4.5µm long, 2.5µm wide support beams.  Similar to the previous 
devices, support beams are placed in the midpoint of the resonator width.   
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Figure 5.12. SEM view of a 40µm wide, 150µm long, 20µm thick SiBAR and the close 
up of its electrode showing the 170nm capacitive gap. 
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 (a)  (b) 
Figure 5.13. Measured frequency response of the 106.8MHz SiBAR of Fig. 5.12 with a) 
low, and b) high polarization voltage value showing Q loading due to extremely low 
motional resistance of the resonator. 
 
Figure 5.13 shows the measured frequency response for the 150µm long, 40µm wide, 
20µm thick SiBAR of Fig. 5.12.  A very clear resonance peak was observed for this 
resonator by applying polarization voltages as low as 10V (Fig. 5.13a).  Quality factor of 
49,600 was measured for the first width extensional bulk mode of this resonator (at 
106.8MHz) in vacuum.  Polarization voltages up to 90V were applied to this resonator 
resulting in a total measured impedance of 1050Ω.  However, the quality factor of the 
resonator was gradually reduced to 13,200 by increasing the polarization voltage.  
Reduction of quality factor is a result of existence of parasitic series resistance in the 
silicon body of the resonator (Rload) that loads the intrinsic Q of the resonator.  As the 
impedance of the resonator decreases by increasing the polarization voltage, the effect of 
the loading resistor on the quality factor, becomes more pronounced (as shown in Eq. 
5.4). 
Vp = 90V 
f = 106.752MHz 
Qloaded = 13,200, Rtot = 1050Ω 
Rm = 280Ω, Rload = 770Ω 
W = 40µm, L = 150µm 
t = 20µm, g = 170nm 
Ls = 4.5µm, Ws = 2.5µm
Vp = 10V 
f = 106.8MHz 
Qunloaded = 49,600 
Rm = 26.5kΩ 
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loadm
m
unloadedloaded RR
RQQ +=  (5.4) 
Using Equation 5.4 and the fact that the total measured impedance at resonance is the 
sum of the motional resistance of the resonator and the associated parasitic series 
resistance (Rtot = Rm+Rload), the value of loading resistance and intrinsic motional 
resistance of the resonator can be extracted.  For the resonator of Figure 5.13, the 
extracted motional resistance is only 280Ω and the related parasitic loading resistance is 
770Ω. 
Figure 5.14 is another example of a very low impedance 85.9MHz (50µm wide, 
300µm long, 20µm thick) SiBAR whose quality factor is being loaded by the series 
parasitic resistance.  Quality factor for this resonator decreases from 77,000 to 22,500 by 
increasing the polarization voltage from 7V to 60V, which is the result of a 480Ω series 
loading resistance added to the 200Ω intrinsic motional resistance of the resonator (at Vp 
= 60V).  The same resonator had a Q of 24,400 in air (at low Vp).  The extracted motional 
resistances in the order of 200Ω are the lowest impedance values reported for the high 
frequency bulk mode capacitive resonators so far and are well within the desired range 
for RF circuit design applications.  The typical values of loading resistances for the 
fabricated resonators in this work are in the range of 400-1000Ω.  The typical values 
measured for the static physical resistance measured between the two Vp pads on the two 
ends of the devices is also in the hundreds of Ohm range.  Therefore, the resistivity of the 
silicon substrate in the Vp path is suspected to be responsible for Q loading.  To achieve 
lower overall resistances and avoid Q loading, the resonators should be fabricated on 
lower resistivity SOI substrates. 
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Figure 5.14. Measured frequency response of a low impedance 86MHz SiBAR with 
different polarization voltages. 
The starting SOI substrate for the resonators in Figures 5.13 and 5.14 had a device 
layer resistivity of 0.015Ω.cm.  To further investigate the effect of substrate resistivity on 
Q loading, another batch of resonators were fabricated on a SOI substrates with lower 
device layer resistivity (0.002Ω.cm).  Figure 5.15 shows the frequency response and 
extracted resistance values for a 20µm thick, 40µm wide, 300µm long SiBAR with 
125nm capacitive gaps (Gap aspect ratio = 160) fabricated on the lower resistivity 
substrate.  The extracted loading resistance for this resonator is only 120Ω which is much 
lower than the loading resistor for the devices on the previous higher resistivity substrate. 
 
W = 50µm, L = 300µm 
t = 20µm, g = 170nm 
Ls = 4.5µm, Ws = 2.5µm 
Vp = 60V 
f = 85.909MHz 
Qloaded = 22,500, Rtot = 680Ω 
Rm = 200Ω, Rload = 480Ω 
 
Vp = 7V, f = 85.930MHz 
Qunloaded = 77,000, Rm = 17.1kΩ 
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Figure 5.15. Frequency response of a SiBAR, fabricated on an ultra-low resistivity 
substrate showing a much smaller loading resistance of 120Ω. 
 
With the demonstrated resonator transduction gap sizes in the 100-200nm range, 
comparatively large polarization voltages are required to achieve impedance values in the 
sub-kiloOhm range.  By reduction of capacitive gaps to 100nm and below, the required 
polarization voltages can be significantly reduced.  As an example, the plots in Fig. 5.16 
show some of the resonance peaks measured for a 30um thick resonator with 65nm 
capacitive gaps.  This is a successful demonstration of an ultra-high gap aspect ratio of 
~460 fabricated through the advanced HARPSS-On-SOI process as described in Chapter 
II.  The resonator is 50um wide and 540um long and its detailed SEM view is shown in 
Fig.2.22.  As shown in Fig. 5.16 the 65nm capacitive gaps enable low motional 
resistances in the kilo-Ohm range with polarization voltages less than 10V.  Such low 
polarization voltages can be generated and controlled on a CMOS chip.   
 
W = 40µm, L = 300µm 
t = 20µm, g = 125nm 
Ls = 4µm, Ws = 2µm
Vp = 5V 
f = 102.0MHz 
Q = 65,800 
Rm = 19.5kΩ 
Vp = 20V 
f = 102.0MHz 
Q = 59,100 
Rmeas = 1200Ω, Rm = 1080Ω 
Rload = 120Ω 
 99 
   
 
 
Figure 5.16. Measured frequency response for a 30um thick, 50um wide, 540um long 
SiBAR with 65nm gaps. 
Table 5.1 summarizes the measured quality factors for SiBARs of different 
dimensions.  It can be concluded from the data presented in Table 5.1 that increasing the 
length and thickness of the resonators with equal frequencies and support sizes, does not 
degrade their quality factor.  This confirms the potential for reduction of the SiBAR 
equivalent impedances to any required level by further increasing the resonator length 
without sacrificing the quality factor or resonance frequency.   
f = 81.240MHz, Q = 40,100 
Vp = 3V, Rm = 4.02kΩ 
f = 81.232MHz 
Qloaded = 33,400 
Vp = 10V, Rm = 900Ω 
Rmeas = 1.08kΩ, Rload = 180Ω 
f = 81.239MHz 
Qloaded = 36,300 
Vp = 5V, Rm = 1.82kΩ 
Rmeas = 2.0kΩ, Rload = 180Ω 
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Measurement results in Table 5.1 clearly shows that resonators with quarter 
wavelength supports do not have noticeably larger quality factors compared to the 
SiBARs with short (3-5µm long) supports.  On the other hand, much lower impedances 
can be achieved for the resonators with short supports.  Short supports increase the 
stiffness of the resonator structure significantly making it much more resilient against 
electrostatic pull-in.  Therefore, such resonators can tolerate much higher polarization 
voltages and provide lower impedances.  Having stiffer structures is also beneficial from 
the manufacturability and reliability point of view for improving shock resistance of the 
resonators. 
Table 5.1. Measured operating frequency, quality factor, and impedances for the 
fundamental mode of SiBARs with different dimensions. 
 
* Quarter acoustic wavelength support lengths  
Rm,ext = Rtot – Rload = Extracted motional resistance value 
Rcalc,PM = Calculated motional resistance using, assuming a non-distorted mode shape 
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5.2.3. Ultra-Long SiBAR Structures 
It was shown that SiBARs can be stretched along their length without degradation of 
their resonance frequency or quality factor.  Therefore, potentially any desired impedance 
value can be achieved for a SiBAR by choosing the right length for it.  In practice 
however, increasing the resonator length will be associated with issues such as excessive 
compliance of the structure, which in turn results in stiction issues for the resonator 
during HF release or early pull-in at low polarization voltages.  The other concern that 
still needs to be addressed is that increasing the resonator length after some point might 
result in intolerable mismatch between different parts of the resonator that can jeopardize 
its operation. 
The simplest solution to the compliance problem is adding perpendicular support 
beams at several locations along the resonator length [47] as shown in Fig. 5.17.  The 
support length should be equal to quarter wavelength at the operating frequency (half of 
the resonator width) in order to minimize the support loss.  As reported in [20] adding 
notches to the resonators at support locations (Fig. 5.17b) can further reduce the support 
loss.  However effect of adding extra supports to the ultra-long SiBAR structures on their 
quality factor needs to be investigated. 
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(a) 
 
(b) 
Figure 5.17.  Schematic top view of ultra-long SiBARs with perpendicular supports along 
their length: (a) with un-notched supports, (b) notched supports. 
 
For oscillator applications the resonator Q is desired to be as high as possible to 
minimize the close to carrier phase noise.  However in most of the filter applications, a 
comparatively small (<1000) filter Q is targeted and very high resonator Q can help 
slightly reduce filter insertion loss, but is not a necessity; instead very low resonator 
motional resistances are required to avoid the need for large terminating resistors and 
resulting problems caused by parasitic input and output resonator capacitances.  In other 
words, for filter applications, although having high resonator quality factors is a plus, it is 
preerred that low resonator impedances be resulting from strong electromechanical 
coupling (small gaps, large Vp, and large effective length) not its high quality factor. 
Figure 5.18 shows the SEM view of a fabricated 1800µm long SiBAR with 
perpendicular support beams at several locations along its length. 
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Figure 5.18. SEM view of an ultra-long (30µm wide, 1800µm long) SiBAR with 
perpendicular supports along its length. 
 
As expected, the added supports reduce the resonator quality factor significantly 
(Figure 5.19a).  Adding notches to the resonating body at the support interconnects helps 
increase its quality factor to some extent [20] (Figure 5.19b).  However the Q is still 
much lower than the regular clamped-clamped SiBARs with similar resonance 
frequencies.  Such large structures are very susceptible to having unwanted spurious 
Perpendicular quarter 
wavelength support 
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modes close to their main mode (Figure 5.19).  Therefore, precautions need to be taken in 
their design to avoid and suppress the undesired modes as much as possible. 
    
 (a) (b) 
Figure 5.19. Measured frequency response of ultra-long 20µm thick 30µm wide SiBARs 
with perpendicular support beams along their length, (a) solid (un-notched) BAR, (b) 
notched BAR. 
 
Corner supported square resonator is an alternative approach explored in this work to 
achieve larger effective length for the SiBARs while maintaining their structural rigidity.  
Figure 5.20 shows the SEM view and frequency response of a single square SiBAR 
supported at its four corners.  Polysilicon interconnects bridging over the resonator 
provide electrical connection between different sections of the electrodes for the square 
SiBARs.  Similar to the ultra-long SiBARs with perpendicular supports, proper design of 
the square SiBARs is not as straight forward as the regular clamped-clamped SiBAR.  As 
an example it was noticed that when the square length is a multiple of its width, instead 
of having a single resonance peak for the resonator, the frequency response will have 
several resonance peaks with frequencies close to the expected frequency (Fig. 5.21).  In 
addition the individual resonance peaks in the measured frequency response have higher 
L = 1200µm 
t = 20µm 
g = 170nm 
Vp = 45V, f = 139.6MHz 
Q = 5,150, Rm = 7.6kΩ 
L = 1800µm
t = 20µm 
g = 170nm 
Vp = 40V, f = 139.8MHz 
Q = 3,700, Rm = 23.9kΩ
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quality factors compared to the single peaks observed for other square SiBARs.  This 
behavior can be explained by weaker coupling between the four sides of the square when 
its length is a multiple of its width.  This results in more independent resonance of each 
side and separate resonance peaks for each of them.  Less interaction between different 
sides of the square also results in less motion at the corner support locations and 
consequently higher Q. 
 
   
Figure 5.20. SEM view of a 20µm thick 40µm wide corner-supported square silicon BAR 
and its measured frequency response under low and high polarization voltages. 
Vp = 60V, f = 106.543MHz 
Q = 10,100, Rmeas = 2.2kΩ  
Rm = 1.5kΩ, Rload = 700Ω 
Vp = 30V, f = 106.557MHz 
Q = 14,900, Rm = 6.1kΩ 
W = 40µm, L = 4×300µm 
t = 20µm, g = 170nm 
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Figure 5.21. Measured frequency response of a square SiBAR showing several resonance 
peaks at close vicinity of the expected resonance frequency resulting from the square 
length being a multiple of its width.. 
In the square resonator of Fig. 5.22 the length maximization is taken another step 
further.  This resonator consists of a network of four squares sharing common sides with 
each other.  Square SiBARs have larger quality factors compared to the linear ultra-long 
SiBARs.  However their quality factor is much lower than that of the regular clamped-
clamped SiBARs.   
The preliminary results for ultra-long SiBAR structures presented here, serve as a 
brief demonstration of different possibilities for extending the performance of regular 
SiBARs.  Thorough understanding of resonant behavior of such complicated structures 
and development of design rules for their optimized design requires extensive finite 
element analysis and measurement, which is out of the scope of this thesis. 
Vp = 30V, f = ~106.5MHz 
Q = 20,100-30,000 
 Rmeas = ~3-10kΩ  
W = 40µm, L = 4×400µm 
t = 20µm, g = 170nm 
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Figure 5.22. SEM view of a 4-square network silicon BAR and its measured frequency 
response with different polarization voltages. 
Vp = 30V, f = 139.819MHz 
Q = 7,700, Rm = 10.2kΩ
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5.3. Higher Mode Operation of SiBARs: Towards Low Impedance 
GHz Resonators 
Although impressive performance has been achieved for VHF SiBARs, operation of 
such resonators in the UHF range as RF components is still facing challenges related to 
the large motional impedances.   
For frequencies in the UHF range (300MHz-3GHz) the resonator width which is 
equal to half of the acoustic wavelength will be 13-1.3µm.  As shown in Fig. 5.5, as the 
SiBAR thickness increases and reaches its width, the mode shape becomes distorted and 
the electrostatic coupling decreases drastically.  An example is shown in Fig. 5.23 in 
which the frequency response of a 30µm wide, 30µm thick and 300µm long SiBAR 
exhibits over 20X larger impedance that the expected impedance for a non-distorted 
mode shape. This is blamed on severely distorted mode shape due to improper choice of 
dimensions for the resonator.  Another example is shown in Fig. 5.24 that compares two 
different SiBARs with similar resonance frequencies (equal width) but different 
thickness.  Surprisingly, the thicker resonator has about four times larger motional 
resistance compared to the thinner resonator.  The effect of other parameters such as 
length, Vp, Q and gap size for the two resonators is almost equal and the higher 
impedance of the thicker resonator can only be a result of distorted mode shape and much 
smaller coupling ratio (γ).  In conclusion, reducing the resonator impedances in the UHF 
range is not as straight forward as increasing their thickness and larger thickness may 
have an opposite effect if proper device dimensions are not selected.  Identification of the 
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optimized BAR dimensions requires extensive finite element analysis which is out of the 
scope of this thesis.  
 
Figure 5.23 Measured frequency response of a 30µm wide, 30µm thick, 300µm long 
clamped-clamped SiBAR showing about 20 times larger impedance than the expected 
value assuming an undistorted mode shape. 
 
  
 
Figure. 5.24. Comparison between 5um thick and 20um thick, 20um wide SiBARs 
showing a much lower impedance for the thin resonator.  The impedance of the thicker 
resonator is about 15 times higher impedance than expected for the same device with 
undistorted mode shape. 
Q ~ 21,700 at 138.9MHz 
Vp = 45V, Rm = 60.8kΩ 
t = 30µm, H = 30µm 
L = 300µm, g = 210nm 
Vp = 60V, f = 209.9MHz 
Q = 18,000, Rm = 77.4kΩ 
Vp = 35V, f = 217.6MHz 
Q = 27,900, Rm = 20.4 kΩ 
W = 20µm, L = 150µm 
t = 20µm, g = 175nm 
W = 20µm, L = 100µm 
t = 5µm, g = 135nm 
Equal effect of Vp, length, 
Q and gap 
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The more straight forward solution which is not as effective is to keep the resonator 
thickness 10µm or less (depending on how high the target frequency is) to ensure that the 
mode shape is not severely distorted.  Fabrication of such thin resonators using the 
HARPSS technology is not desirable since several surface micromachining fabrication 
approaches are available for implementation of thin resonators [19-22].  In addition, thin 
structures are much more susceptible to stiction due to the compliance of their structure 
in the vertical direction and therefore reliable fabrication of thin HARPSS resonators is 
more challenging compared to their thicker counterparts.   
 
5.3.1. Higher Resonance Modes of Thin SiBARs 
The support beams for the SiBARs in this work are placed in the middle of the 
resonator width.  Therefore, in the even width extensional modes the supports will be 
subject to large vibration amplitude imposed by the resonator and introduce excessive 
loss resulting in low quality factors.  However for higher order odd width extensional 
modes, similar to the first mode, the midpoint of the device width is still the resonance 
node (i.e. has close to zero vibration amplitude) and high quality factors can be obtained. 
Theoretically, the motional resistance for the nth width extensional mode of a SiBAR 
assuming an undistorted mode shape is n times larger than that of a the same device 
operating in its first mode.  This can be explained using Equation 5.2, where the electrode 
dimensions are the same, but the effective stiffness is n2 times larger for the higher 
resonance mode resulting in n times larger impedance. 
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Figure 5.25 shows the measured frequency response of a 30µm wide, 150µm long, 
5µm thick SiBAR operating in its first and higher odd width extensional modes up to the 
5th mode.  Quality factor of 17,300 at resonance frequency of 765MHz has been 
measured for the 5th mode of this resonator.  Impedance as low as 23.7kΩ was measured 
for this resonance mode, which is close to one order of magnitude lower than the typical 
reported motional resistance values for capacitive resonators at such high resonance 
frequencies.   
  
    
Figure 5.25. Measured frequency response of a 30µm wide, 150µm long, 5µm thick 
SiBAR operating in its first and higher resonance modes up to the fifth mode. 
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Figure 5.26 shows the SEM view as well as ANSYS modal analysis results for the 
same SiBAR structure showing the mode shape for the first, third and fifth width 
extensional modes. 
Similar argument about the effect of resonator thickness on its mode shape applies to 
the higher modes of SiBARs.  Clean and uniform mode shapes with large coupling ratio 
can be obtained for resonator thickness smaller than its effective width.  For higher 
modes, the effective width is n times smaller than the physical width of the resonator, 
where n is the mode number.   
         
     
Figure 5.26. ANSYS modal analysis showing the mode shape for the first, third and fifth 
width extensional modes of the SiBAR of Figure 5.25. 
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Figure 5.27 shows the measured frequency response for a 50µm wide, 10µm thick 
resonator and it higher resonance modes.  For the third resonance mode of this device, the 
effective width is 50/3 ~ 17 and therefore the mode shape will be clean and a resonance 
peak with a frequency of three times the first mode can be detected (3×86 ~ 251).  The 
next high-Q and low impedance resonance mode for this resonator was observed at 
359MHz with an impressive Q of 40,200 demonstrated f.Q product of 1.44×1013  (1013 is 
considered to be the physical limit for quartz crystals).  The frequency of this mode is not 
close enough to five times the first mode, and therefore can not be considered the fifth 
mode.  However, the effective length at the measured frequency is ~12µm which is very 
close to the resonator thickness and therefore, it is not surprising that the frequency does 
not match the expected value for a clean mode shape.  Further discussion on higher 
resonance modes with resonator thickness higher than the effective length will be 
provided in the next section. 
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Figure 5.27.  Measured frequency response for the first and higher resonance modes of a 
50µm wide, 10µm thick SiBAR, showing how the frequency deviates from the expected 
value for higher harmonics as the effective length reaches resonator thickness. 
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5.3.2. Higher Resonance Modes of Thick SiBARs 
Figure 5.28 shows some of the frequency responses in the UHF range measured for 
the third thickness modes of SiBARs with different dimensions.  The measured quality 
factors are 3,100 and 3,700 at resonant frequencies of 502MHz and 983MHz 
corresponding to 30µm and 15µm wide resonators respectively.  The affective width for 
the third extensional mode of these devices are 10µm and 5µm respectively which is 
equal or smaller than the thickness of the resonators.  Therefore, based on the discussions 
in the previous sections, severely distorted mode shapes and extremely large motional 
impedances for such devices are not surprising. 
 
  
Figure 5.28. Frequency response of 10µm thick SiBARs operating in their higher 
resonance modes showing very large equivalent impedances due to mode shape 
distortion. 
 
Prediction of the resonance frequency for such higher resonance modes and finding 
the appropriate dimensions to maximize their coupling ratio requires extensive and 
complicated micromechanical analysis.  Finite element analysis to find such wavy mode 
Q ~ 3,100 at 502MHz 
Vp = 100V,  Rm = 360kΩ 
Third Mode 
W = 30µm, t = 10µm 
L = 150µm, g = 225nm
Q ~ 3,700 at 983MHz 
Vp = 45V,  Rm = 560kΩ 
Third Mode
W = 15µm, t = 10µm 
L = 150µm, g = 145nm
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shapes requires a large number of elements and results in a very large number of modes 
which makes running the simulation and recognition of the right mode quite complicated 
and out of the scope of this work.  However, some of such higher resonance modes, 
happen to have surprisingly low motional resistances and can be identified 
experimentally.  Figures 5.29 and 5.30 shows a number of measured resonance peaks in 
the 1GHz frequency range for higher modes of lower frequency SiBARs with 
comparatively low motional resistances. 
Figure 5.29 shows the measured frequency response of a 40µm wide, 20µm thick 
SiBAR operating in its fundamental extensional mode at 102MHz as well as a number of 
higher frequency modes.  Resonance modes with frequencies as high as 1.13GHz have 
been measured for this resonator with comparatively low impedances.  The 1.13GHz 
mode has an impedance of 35kΩ which is close to an order of magnitude lower than 
other reported capacitive resonators in the GHz range [20-22].  Frequency-wise this 
resonance peak should correspond to the 11th width extensional mode of the structure, 
however, referring to such resonance modes as higher width extensional mode does not 
seem to be appropriate.  Although using the higher modes is a good approach to 
implement high performance GHz silicon resonators, existence of lower frequency 
resonance modes (specially the fundamental mode with much lower impedance) in the 
overall frequency response of such devices can be a serious problem (e.g. oscillator 
locking to the wrong mode).  Figure 5.30 shows the high frequency resonance mode 
measured for a 20µm wide, 20µm thick SiBAR.  As shown in Fig. 5.23, for such 
resonator dimensions, the coupling ratio for the fundamental mode is very low resulting 
in a high impedance.  This helps reduce the possibility of locking to the wrong mode, 
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when targeting a 1.55GHz frequency reference.  Therefore by proper choice of BAR 
dimensions, the desired high frequency mode can be improved while the undesired lower 
frequency modes are suppressed. 
 
 
Figure 5.29. Measured fundamental and higher resonance modes measured for a 40µm 
wide , 20µm thick, 300µm long SiBAR fabricated through the improved HARPSS-On-
SOI process. 
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Figure 5.30. Higher resonance mode measured for a 20µm wide, 20µm thick, 150µm 
long SiBAR with 125nm capacitive gaps.  The fundamental mode for this resonator is 
suppressed significantly due to mode shape distortion. 
W = 20µm, L = 150µm 
t = 20µm, g = 125nm 
Ls = 4.5µm, Ws = 2.5µm
Vp = 15V 
f = 1.55GHz 
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Rm = 29kΩ 
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5.4. Temperature Characteristics and Temperature Compensation 
of High Frequency SCS Resonators  
HARPSS capacitive SiBARs implemented in this work have shown great potential as 
frequency references in the HF, VHF, and low UHF range.  The major remaining 
bottleneck that limits performance of capacitive SiBARs for some of the applications 
compared to the traditional quartz crystals is their higher temperature coefficient of 
frequency.  Figure 5.31 shows the SEM view as well as the measured resonance peaks for 
a 50µm wide, 540µm long, and 20µm thick SiBAR.  The resonator operates in its first 
width extensional mode at 86MHz with a Q of 89,000 in vacuum and 30,500 in air.  
Temperature dependency of this resonator was measured over a temperature range of -40 
to 120°C in atmosphere using a regular temperature controlled oven.  Figure 5.32 shows 
the measured temperature drift of frequency for this resonator.  The temperature drift has 
a linear trend with a temperature coefficient of frequency (TCF) of -27.8ppm/°C.  Such 
temperature drift slope is very close to the values previously reported for SCS disk 
resonators [26] and piezoelectric FBARs [51].  As shown in [26], the temperature drift of 
silicon resonators is mainly due to the large temperature coefficient of Young’s modulus 
of silicon. 
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Figure 5.31. Frequency response of a 540µm long, 50µm wide, 20µm thick SiBAR 
showing low impedance values by applying reasonably low polarization voltages. 
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Figure 5.32. Temperature dependence of frequency of the 86MHz SiBAR of Figure 5.31 
showing a TCF of -27.8ppm/°C. 
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Different frequency tuning techniques for temperature compensation of capacitive 
silicon resonators are available.  Electrostatic tuning of parallel plate capacitive 
resonators by changing the resonator DC bias (polarization) voltage is the favorite choice 
for lower frequency resonators due to its low power consumption and simplicity.  
Temperature compensated oscillators using I-BAR resonators with temperature stability 
better than regular quartz crystals and close to TCXOs have been demonstrated under this 
project [40,41].  In this approach a temperature dependant DC bias is generated by a low 
power CMOS circuit and is applied to the resonator to cancel out its temperature induced 
drift by changing the bias voltage with temperature.  For higher frequency resonators 
(e.g. SiBARs), however, the resonator stiffness is extremely large and the maximum 
electrostatic tuning range that can be achieved is not large enough to compensate the 
resonator over a wide temperature range.   
Figure 5.33 shows the measured electrostatic tuning characteristic for a 108MHz 
SiBAR with 135nm capacitive gaps.  A frequency tuning of 70kHz is demonstrated for 
this resonator by changing the polarization voltage from 10V to 70V.  Tuning slope for a 
capacitive SiBAR assuming a non-distorted mode shape is given by Equation 5.4: 
 3
2
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ε−=∂
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 (5.4) 
where f is the resonance frequency of the resonator, Ae is the electrode area (area of one 
electrode only) and K is the effective stiffness as used in Equation 1. 
Tuning range of around 300kHz is required to compensate a 108MHz resonator over 
a 100°C temperature range.  As an example, according to Equation 5.2, such tuning range 
can be achieved by reduction of the capacitive gap sizes to 70nm and changing the 
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polarization voltage over a range of 5V to 40V, which seems possible although very 
challenging.  However, as the frequency goes to higher values, the required electrical 
stiffness for temperature compensation increases proportionally making electrostatic 
compensation more challenging.  In addition, changing the polarization voltage of the 
resonator changes its equivalent electrical impedance sharply which is not desirable from 
the circuit design point of view.  Solution to this problem would be to split the electrodes 
around the resonator to two electrically isolated sections, one for electrostatic 
transduction (sense and drive), and one for frequency tuning.  In this case, smaller 
electrode area for each mechanism will result in higher resonator impedance and lower 
electrostatic tuning (4X higher impedance and 2X lower tuning in case of equally divided 
electrodes).  As a result, even further pushing of the gap sizes to smaller values will be 
required to get the same performance. 
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Figure 5.33. Measured electrostatic tuning characteristic of a 108MHz SiBAR showing a 
tuning range of over 70kHz. 
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The more effective but power consuming approach that can be quite effective for any 
resonator independent of its resonance frequency is controlling the resonator 
temperature and therefore tuning its resonance frequency by passing current through its 
structure.  The actual temperature of the resonator structure can then be controlled by the 
amount of current applied to it.  Since the SiBARs are supported by two support beams 
on the two sides, two polarization voltage bonding pads are available on the two ends of 
the resonator making it a perfect structure for current tuning.  By applying slightly 
different DC voltages to the two pads on the two ends of the resonator, DC current will 
pass through the SiBAR structure and elevate its temperature.   
Figure 5.34 shows the frequency tuning characteristics of the SiBAR of Figure 5.31 
by passing current through it.  More than 1MHz (1.2%) of frequency tuning has been 
achieved by passing up to 24mA of DC current through the body of the resonator.  
According to the measured temperature induced frequency drift (Fig.5.32), this 
corresponds to an elevated temperature of up to 450°C for the resonator (assuming that 
the resonator maintains its linear temperature characteristics over the whole temperature 
range).  It is worth noting that the resonator was operating flawlessly with no 
degradation of the quality factor at such high temperature.   
This tuning technique can be deployed for temperature compensation of high 
frequency SiBARs.  A temperature dependant current source can be used to keep the 
temperature of the resonator elevated (e.g. at 125°C) independent of the temperature of 
the surrounding environment and avoid the temperature drift.  In this case, the 
unpackaged resonator on a 1.2×1.2cm2 silicon substrate with no thermal isolation from 
the test setup, 85mW of power was required at room temperature to keep the temperature 
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of the resonator elevated at 125°C.  This can be reduced to a few mW or even below mW 
for a single resonator inside a thermally isolated package.  This approach is similar to the 
concept of oven controlled crystal oscillators (OCXO) which are the most stable quartz 
crystal frequency references available.  Thermal temperature control for the silicon 
resonators however can be done by consuming a much smaller amount of power due to 
their smaller size.  In addition, due to the linearity of the temperature characteristics of 
the silicon resonators the control circuitry is expected to be much simpler.   
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Figure 5.34. Heat induced tuning characteristic of the 86MHz SiBAR of Fig. 5.31 by 
passing current through the body of the resonator. 
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resonator in a feedback loop and using it as a the heater, temperature sensor, and 
frequency reference simultaneously, very high stability levels can be achieved. 
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Figure 5.35. Measured resistance between the polarization pads on the two ends of the 
SiBAR of Figure 5.31 as a function of temperature.  Temperature values are extracted 
from the frequency values in Figure 5.32 based on linear temperature drift of                    
–27.8ppm/°C. 
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CHAPTER VI  
HIGH FREQUENCY COUPLED RESONATORS AND FILTERS 
One of the major applications of mechanical resonators in general is implementation 
of narrow band-width electronic filters.  Mechanical filters are used in systems that 
demand narrow bandwidth, low loss and good stability [1].  Because of the high Q and 
excellent temperature and aging characteristics these requirements can be achieved with 
mechanical filters. 
A single resonator by itself is a bandpass filter, however, a single resonators although 
having a high quality factor in the order of a few tens of thousands, is a first order 
bandpass filter providing limited frequency selectivity (shape factor) which is not enough 
for most of the applications.  To achieve higher filter selectivity (closer response to an 
ideal filter) higher order bandpass filters consisting of a number of coupled resonators are 
required [1,34].  It was also discussed and demonstrated in [34] that several electrical or 
mechanical techniques can be employed to couple similar resonators to each other 
resulting in multiple coupled resonance modes with close frequencies.  Having several 
coupled modes (several poles in the transfer function) with close natural frequencies 
provides sharper transition from passband to the stopband, making the filter characteristic 
closer to an ideal filter.  High quality factor of mechanical resonators allows realization 
of mechanical filters with narrow bandwidth as small as 0.1% and smaller without 
introducing excessive loss or passband rounding. 
Traditionally piezoelectric resonators have been widely used for implementation of 
higher order filters with sharp roll-off for a variety of wireless applications.  Several 
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types of mechanical filters using different types of resonators, including metal alloy, 
PZT-ceramic [48], zinc oxide [49] resonators and SAW filters [9,10] have been 
developed and commercially available.   
Recent advances in development of the micromechanical resonators, has led to new 
opportunities for miniaturization of the mechanical filters.  Mechanical and electrical 
coupling techniques have been applied to different types of micromechanical resonators 
for demonstration of higher order coupled resonators and filters [42,51-63].  The 
following sections will discuss and demonstrate several coupling approaches used to 
implement high frequency multiple order resonant systems using the SiBAR structures.  
Possibility of developing high performance filters using such devices and some of the 
limitations will be discussed. 
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6.1. Mechanical Coupling of High Frequency SiBARs 
Mechanical coupling of individual micromechanical resonators is the most common 
approach for implementation of higher order micromechanical filters.  In this approach, 
the resonators are physically connected to each other by comparatively compliant 
mechanical elements resulting in multiple resonance modes for the whole system.  The 
frequency difference between the resonance modes is determined by the ratio of the 
stiffness of individual resonators to the stiffness of the coupling elements.  More 
compliant coupling elements result in smaller separation of the resonance modes.  One of 
the challenges for mechanically coupled filters is comparatively strong coupling provided 
by the mechanical coupling elements resulting in wide bandwidth and low filter Q.  This 
is mainly due to comparatively large stiffness of the mechanical coupling elements unless 
they have very small sizes.  This can impose a limit on the minimum achievable 
bandwidth (maximum filter Q) for such filters.  There has been somehow successful 
efforts to reduce the mechanical coupling strength and achieve higher filter Qs using low-
velocity coupling [60] or through-support mechanical coupling [61].   
For the SiBAR structures presented in this work, due to extremely large size of the 
resonators and consequently large resonator overall stiffness, mechanical coupling can be 
a more promising approach towards high-Q filters. 
Several types of mechanical coupling were qualitatively under consideration for 
qualitative investigation of mechanical coupling of VHF SiBARs.  Among which are 
coupling with a perpendicular or parallel coupling beam connecting the two BARs to 
each other as well as through support coupling.  The width and length of the coupling 
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beam as well as its location determines the bandwidth for such coupled resonant systems.  
Figure 6.1 demonstrates schematic top view of such coupled resonator systems.  The 
perpendicular coupling beam in Fig. 6.1a is expected to operate in its length extensional 
mode while the parallel coupling beam in Fig. 6.1.b is expected to operate in a flexural 
mode resulting in much smaller coupling strength and therefore narrower bandwidth.  
The structure in Fig. 6.1c is an example of a through-support coupled resonator system.  
For a support length of quarter wave-length (coupling element length of half wave-
length) at the resonance frequency the weakest coupling and highest filter Q can be 
achieved.   
It is also worth noting that extremely high filter Q (> 1000) is not necessary for most 
of the applications specially in the lower VHF range.  In addition stronger coupling 
(lower filter Q) can help compensate for slight frequency mismatch (due to fabrication 
tolerance) between the coupled resonators, while for weakly coupled arrays, the 
frequency mismatch and mismatch compensation can be a very challenging issue. 
Figure 6.2 shows the measured frequency response of two different second order 
coupled 106MHz SiBARs with parallel coupling beams.  Separation of the resonance 
peaks are in the 500kHz range which when terminated as a filter, will result in filter Q of 
~100.  Strong mechanical coupling between such resonators can compensate fabrication 
induced frequency mismatch between the two resonators which is typically in the order 
of 1000ppm. 
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(a) With perpendicular coupling beam 
 
(b) With parallel coupling beam 
 
 
(c) Through support coupled 
Figure 6.1. Schematic top view of several types of mechanically coupled SiBARs 
considered for qualitative evaluation of mechanical coupling approach. 
The minimum measured impedance for such coupled resonant arrays in their 
passband is in the order of a few tens of kilo-Ohm.  Therefore, the terminating resistances 
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required to damp the filter response and reduce the passband ripple to acceptable values 
is in the order of hundreds of kilo-Ohm.  To have effective resistive damping the parallel 
capacitances existing at the filter terminals should have a much larger impedance 
compared to resistive terminations.  It this case it means capacitance values in the order 
of 10fF which is much smaller than the pad capacitance and electrode capacitance 
physically existing at the input and output ports of the device 
 
 
 
    
Figure 6.2. Frequency response measured for two different second order mechanically 
coupled SiBARs with parallel coupling beams. 
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For demonstration of filter characteristics using coupled resonator arrays much lower 
resonator impedances or some kind of capacitance cancellation mechanism are required.  
This is the main challenge for implementation of high frequency filters using the 
capacitive resonators.  Piezoelectric transduction is in general a better candidate for filter 
implementation because for piezoelectric resonators much larger electromechanical 
coupling (lower impedances) can be achieved without the need for excessive reduction of 
the actuator dielectric thickness and introducing large termination capacitances. 
Figure 6.3 is an example of a measured resonance response for a coupled SiBAR pair 
with a perpendicular coupling beam.  Surprisingly 4 resonance peaks in close vicinity are 
observed in the frequency response.  Thorough justification of such resonant response 
requires extensive FEA analysis which is out of scope of this thesis.  However, a simple 
explanation for the observed resonant response is that addition of the perpendicular 
coupling beam has induced an extra resonance mode with a very close resonant 
frequency in both the coupled SiBARs in addition to their regular extensional mode.  
Existence of the coupling element between the too resonators causes coupling and 
independent second order responses for both modes resulting in the demonstrated 
frequency response.   
Figure 6.4 is the measured frequency response for a through support coupled pair of 
SiBARs.  As expected separation of the two resonance modes is much smaller than the 
other coupled SiBARs which results from much smaller coupling strength provided by 
the through support coupling approach.  However, as seen in the frequency response of 
Fig. 6.4, the smaller coupling strength can not compensate the frequency mismatch of the 
two resonators and the resulting frequency response consists of two independent 
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resonance peaks with excessive loss.  Electrostatic frequency tuning of the SiBARs is not 
enough to match the frequency of the two resonators and obtain a properly coupled 
response. 
 
          
Figure 6.3. Frequency response measured for two mechanically coupled SiBARs with a 
perpendicular coupling beams.  
 
 
Figure 6.4. Measured frequency response for a second order through support coupled 
array of SiBARs.  
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6.2. Electrical Coupling of High Frequency SiBARs 
Electrical based resonator coupling techniques were developed under this project and 
demonstrated in [34,56-59].  The motivations for employment of electrical based 
coupling techniques instead of mechanical approach are: 1. Achieving much smaller 
coupling strength and consequently higher filter quality factors is much more straight 
forward for electrical based approaches, 2. Much better tunability and design flexibility is 
provided by electrical based approaches.  On the other hand tolerances in size and 
position of the coupling element for mechanically coupled filters will be transfered 
directly to the filter characteristics and no tuning capability is available for the coupling 
strength of mechanically coupled resonant systems. This is however at the cost of added 
bias voltages and complexity to the control circuitry. 
Two different electrical based coupling approaches have been previously developed 
and coupled resonant systems using low frequency beam resonators have been 
demonstrated for each.  In capacitive coupling approach [34,56,58], integrated parallel 
capacitors to ground added at the interconnect node of the two resonators, generate the 
extra resonance modes.  In the pure electrostatic approach [34,57,59], closely spaced 
resonators are coupled through the electrostatic forces between them.  The nonlinearity of 
the force applied by the parallel plate actuator formed in between the resonators in this 
approach is equivalent to the force caused by a negative mechanical stiffness acting 
between the two structures.   
Application of the electrostatic coupling to high frequency SiBARs is not as easy as 
the lower frequency beam resonators.  Due to much larger stiffness of the SiBAR 
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structures, for electrostatic coupling of such resonators, very large electrostatic stiffness 
is required to generate strong enough coupling and a distinguishable second resonance 
mode for the system.  This requires nanoscale coupling gaps in the order of the 
transduction gaps between the resonating SCS bodies of the resonators which is not 
achievable using the current versions of the HARPSS-On-SOI process. 
Fabrication of capacitively coupled SiBARs on the other hand is very straight forward 
and only requires an added silicon island connecting the output port of the first SiBAR to 
the input port of the second one.  The value of the coupling capacitor in this case will be 
the electrode to resonator capacitances at the coupling node plus the capacitance between 
the silicon island and the handle layer of the SOI substrate.  Due to comparatively large 
motional resistance of the high frequency capacitive resonators, achieving small enough 
coupling capacitor for strong enough coupling and distinguishable resonance peaks can 
be challenging.  One can use ultra-high resistivity handle layer, to avoid the island-handle 
capacitance.  However, for long and thick SiBAR structures with nanoscale capacitive 
gaps, the electrode resonator capacitances are typically in the hundreds of femto-Farads. 
Therefore, the minimum achievable coupling capacitor for such filters (resulting in the 
largest bandwidth) is limited to twice the electrode-resonator capacitance.  Moreover, 
very weak coupling provided by the electrical based approaches, makes frequency 
matching of the coupled resonators very challenging. 
Figure 6.5 shows the measured frequency response of a capacitively coupled pair of 
106MHz SiBARs.  In this case, the electrode-resonator capacitance for each resonator is 
150fF and the silicon island has a capacitance of ~400fF to the SOI handle, resulting in a 
total coupling capacitance of ~700fF for the device.  The impedance for such capacitor at 
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106MHz is ~2.1kΩ.  Therefore, to achieve distinguishably separated resonance peaks for 
the resonant system, each resonator should have a motional impedance of smaller than 
1kΩ which is not easily achievable.  Polarization voltages up to 50V were applied to the 
resonators.  As explained in [34] to bias the coupling capacitor at a close to zero DC bias, 
polarization voltages with different polarities were applied to the two resonators.  As can 
be seen in the frequency response the two resonance peaks are slightly separated clearly 
demonstrating a second order resonant system.  The non-uniformity in the passband can 
be a result of frequency mismatch between the two resonators or excessive loss in the 
coupling capacitor. 
 
 
Figure 6.5. Frequency response measured for a capacitively coupled 106MHz SiBAR 
filter (40um wide, 150um long SiBARs).   
In conclusion, according to the measurements and rough calculations presented in this 
chapter demonstrated for both mechanically and electrically coupled capacitive 
resonators, implementation of higher order filters at frequencies above 100MHz using 
capacitive resonators is quite challenging.  The major bottlenecks stem from 
W = 40µm, L = 150µm 
t = 20µm, g = 175nm 
Vp1 = 50V, Vp2= -50V 
f = 106.6MHz, BW = 9.8kHz 
40dB 
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comparatively weak electromechanical coupling strength of electrostatic transduction 
mechanism used in such devices.  This in turn results in comparatively large motional 
impedances or extremely large transducer capacitors.  As a result termination of such 
coupled resonators with proper termination resistors to achieve flat passband and low 
insertion loss is impossible for most filter characteristics.  This issue can be overcome by 
further reduction of the capacitive gaps to 50nm range and below while being able to 
apply comparatively large polarization voltages to the resonators.  This in turn can cause 
excessive resonator nonlinearity and limit the power handling and dynamic range of the 
filters.  Despite all the advances in silicon capacitive resonator technology, piezoelectric 
transduction still seems to be a better choice for implementation of high frequency filters.  
Capacitive filters are superior for lower frequency ultra-narrow bandwidth applications. 
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CHAPTER VII 
WAFER LEVEL HERMETIC SEALING AND CMOS 
INTEGRATION OF HARPSS CAPACITIVE RESONATORS 
A variety of SCS resonators have been developed under this work that have great 
potential as frequency reference for highly stable, low noise oscillators.  High-Q beam 
resonators, I-BARs and SiBARs can be fabricated simultaneously on a single substrate 
covering a wide range of frequencies.  Beams are a great candidate for low and medium 
frequency (LF and MF) range (30kHz-3MHz) [4], tunable I-BARs  [40-41] can cover the 
high frequency (HF) range (3-30MHz), and SiBARs [29,47] have demonstrated great 
performance in the VHF (30-300MHz) range.  In addition, although not completely 
satisfactory yet, possibility of operation of SiBARs in the UHF range (300MHz-3GHz) 
with high quality factors was demonstrated. 
The next step towards implementation of a real product based the silicon resonators 
that can be used in real world applications, is reliable packaging of such devices.  In 
addition to all the advantages mentioned and demonstrated for the HARPSS-On-SOI 
fabrication process, this process also provides the great capability for a very convenient 
encapsulation technique for the fabricated resonators.  As demonstrated in the previous 
sections, the polysilicon electrodes of the SCS HARPSS resonators can bridge over the 
SCS resonators without physically touching them.  This capability has been used to 
fabricate bridging top interconnects between the electrodes [26-28,47].  It is 
demonstrated in this chapter that the overlapping electrodes can be extended all the way 
on top of the resonators providing a polysilicon cap for it.  Small openings need to be 
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made in the polysilicon cap to have electrical isolation between electrodes as well as 
serve as release openings during the HF release.  This can be done by proper resonator 
layout, without adding any additional process steps to the HARPSS-On-SOI process.  
Figure 7.1 shows SEM photograph of a SiBAR with extended electrodes on top of it for 
encapsulation. 
   
   
Figure 7.1. SEM views of a SiBAR with extended top electrodes for packaging  (20µm 
thick resonator with 125nm gaps fabricated through the advanced HARPSS-On-SOI 
process). 
As shown in Fig. 7.1, a narrow trench (~2µm wide) separates the electrodes and 
facilitates HF release of the buried resonator.  In addition as opposed to the previously 
demonstrated resonators, the SOI device layer surrounding the resonators is not removed 
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to maintain a flat surface for the following packaging related lithography steps.  The 
resonator pads are separated from the rest of the substrate by narrow isolation trenches. 
The detailed process steps required for complete sealing of the polysilicon cap as well 
as performance characterization of the sealed poly cap are described in the following 
sections. 
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7.1. PECVD Encapsulation of SiBARs 
 
Figure 7.2 shows the cross-sectional view of HARPSS resonators with overlapping 
polysilicon electrodes and the proposed hermetic encapsulation technique.  The openings 
in the polysilicon cap first need to be closed by non-conformal deposition of a sealing 
layer.  PECVD oxide was chosen as the non-conformal layer to seal the openings.  A 
thick layer of PECVD oxide (~5-10µm thick) can close-up the openings without 
penetrating inside the cap and deposition on the resonator (Fig. 7.2b).  In addition 
PECVD oxide is expected to have very low stress.  Since PECVD layers typically have a 
large pin-hole density and are porous compared to the LPCVD films, the main concern 
about the PECVD sealing layer is its hermeticity and capability to maintain a low 
pressure inside the cavity.  The proposed approach to maintain a high level of hermeticity 
for the seal is to etch back the PECVD layer (Fig. 7.2c) and deposit a thin layer (~1µm) 
of LPCVD oxide on top of the cap.  In this case one has to assure that the remaining 
PECVD layer inside the gap after etch back is still covering the opening completely.  If 
small openings are left open in the PECVD seal, the conformal LPCVD layer deposited 
afterwards will be deposited all over the resonator inside the cap.  To assure that the 
PECVD layer is covering the opening, it needs to be deposited and etched back a few 
times before LPCVD deposition.   
In the end, the capping oxide layers need to be partially removed on top of the pads to 
allow electrical connection to the underlying resonator (Fig. 7.2d). 
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Figure 7.2. Schematic diagram of the wafer level vacuum encapsulation approach 
proposed for SiBARs. 
 
 
Figure 7.3 shows the SEM view of the same SiBARs as shown in Fig. 7.1 after 
deposition of a 2µm layer of PECVD oxide.  It is clearly observed that due to its non-
conformal deposition, the oxide layer is starting to tighten the trench on the top. 
   
Figure 7.3. Released resonators after deposition of 2um of PECVD oxide. 
 
a) Released resonator with extended 
electrodes on top
 
b) Deposit thick PECVD oxide (~5-10um)
3um 
1um 
c) Polish (etch back) the PECVD oxide d) Deposit and pattern LPCVD oxide for 
vacuum sealing 
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Figure 7.4 shows the same resonators after deposition of another 6µm of PECVD 
oxide (total of 8µm).  The polysilicon electrode openings are completely sealed, however 
the trenches isolating the devices from the substrate (which are wider) are not completely 
covered yet. 
 
   
   
Figure 7.4.  Resonators of Fig. 7.3 after deposition of an additional 6um of PECVD oxide 
(total of 8um oxide).  Polysilicon opening is completely closed but the wider isolation 
trenches around the pads not completely sealed. 
 
Figure 7.5 shows the SEM view of the same resonators after 6µm oxide etch back.  
As expected, although there is another 2µm of oxide remaining on top of the resonators, 
the top of the oxide seal on top of the trenches is opened up.  Figure 7.6 shows the SEM 
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view of the same resonators after another 5µm oxide deposition and etch back.  After 
oxide etch back the top of the polysilicon trenches is open again, but the opening size is 
smaller that of Fig. 7.5.  By repeating this deposition and etch back a few times, the seal 
will remain closed after oxide etch back making the samples ready for the LPCVD oxide 
deposition. 
 
   
Figure 7.5. PECVD covered resonators after 6µm oxide etch back. (2µm oxide remaining 
on top). 
 
   
Figure 7.6. PECVD covered resonators after another 5µm deposition and etch back (2µm 
oxide remaining on top). 
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For the first sample of resonators it was decided to continue with only the PECVD 
oxide and characterize its hermeticity.  Therefore, another 8µm thick PECVD oxide layer 
was deposited on the sample resulting in completely sealed resonators of Fig. 7.7.  At this 
point a total of 10µm of oxide exists on top of the devices. 
 
   
Figure 7.7. PECVD covered resonators after another 8µm deposition to completely seal 
the openings.  A total of 10µm PECVD oxide is covering the resonators on the top. 
 
  To open electrical contacts for pads, an additional lithography step was done to etch 
the oxide on the middle part of the pads while keeping it on the resonator and the 
isolation trenches.  An 8µm thick negative resist (NR4-8000 from Futurrex) was used to 
pattern the sealing PECVD oxide.  Figure 7.8 shows the SEM view of the same 
resonators after over 10µm oxide plasma etch back silicon surface of the pads exposed.  
A thin layer of photoresist is still remaining on the resonators. 
The encapsulated resonators are now ready for testing and characterization.  The 
following section will report on the measurement results of the sealed resonators and 
hermeticity and durability of the seal. 
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Figure 7.8. Encapsulated resonators after the final lithography and oxide etch to open up 
electrical connections on the pads. 
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7.2. Hermeticity and Reliability Testing 
One of the most important tests that need to be performed on any package is 
comparison of the device characteristics before and after encapsulation.  Therefore, prior 
to PECVD oxide deposition and encapsulation of the resonators, some of the released 
devices were tested in the lab using a regular probe station in air.  Figure 7.9 shows the 
measured resonance peaks for a 40µm wide, 300µm long resonator before encapsulation 
as well as the measured resonance peak for the exact same device after encapsulation.  
Not only the quality factor of the resonator has not dropped after several deposition and 
etch-back steps, but also it shows a slight increase from 25,000 to 31,000.  The increase 
in Q can be due to some level of vacuum maintained inside the cavity by the covering 
PECVD layer.  The final sealing is done inside the PECVD chamber with pressure of a 
few hundreds of mTorr.  If air can not penetrate the thick PECVD oxide layer after 
exposure of the sample to atmosphere, the same level of vacuum will be maintained 
inside the package.  The resonance frequency of the resonator has slightly decreased from 
103.853MHz to 103.809 after encapsulation (424ppm).  Decrease in frequency of the 
resonator is a result of added mass due to slight penetration and deposition of the PECVD 
oxide on top of the resonator inside the polysilicon cap.  
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Figure 7.9. Measured resonance peaks for a 40µm wide, 300µm long resonator before 
and after PECVD oxide encapsulation. 
To examine the hermeticity and vacuum maintenance capability of the resonator 
seals, a 134MHz encapsulated SiBAR was tested in air and then placed inside a vacuum 
chamber with micro-Torr vacuum level.  The resonator was left in the chamber with the 
pump “on” for over two days.  As can be seen in Fig. 7.10, the quality factor does not 
show a noticeable increase in vacuum.  Slight increase in the Q from 17,500 to 18,500 
should be due to measurement uncertainties as well as slight changes in Q after 
resonating for 60 hours.  As another proof that the pressure of the surrounding 
environment does not have any effect on the pressure inside the cavity and consequently 
resonator Q, the encapsulated resonator was left in air for over another 2 days.  The 
measured Q of 18,700, after such long time of exposure to air, is even slightly higher than 
the one measured in vacuum (which is due to measurement uncertainty or long term 
slight changes of resonator characteristics). 
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Figure 7.10. Measurement results for an encapsulated resonator.  Showing no difference 
in the measured quality factor when transferring the device from vacuum to atmosphere 
and vice versa. 
 
To further examine the package reliability and its resistance against penetration of 
liquids, humidity and contaminations, the same encapsulated resonator was left under 
water for two days.  This was done by dispensing the PCB with the resonator sample 
attached to it inside a used and unwashed cup of coffee filled with city water.  The PCB 
was taken out after over two days, slightly dried to get rid of the water drops on the PCB, 
and the resonator was tested again.  Figure 7.11 shows that the resulting measured 
resonance peak demonstrates no noticeable degradation in the quality factor or change in 
the center frequency of the resonator. 
It is worth mentioning that the water test was performed over 2 weeks later than the 
previous test and the measured resonance frequency right before placing the sample 
under water was 134.384MHz which shows slight reduction (67ppm) compared to the 
previous measurement.  The difference between the after and right before water test is 
only 7kHz (52ppm) and can be due to slight changes in room temperature. 
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Figure 7.12 shows a measured temperature dependant frequency drift of -28.4ppm/°C 
for the same encapsulated resonator which is similar to an un-packaged resonator showing 
that the sealing layer does not induce significant stress on the buried resonating body. 
 
             
Figure 7.11. Measured resonance peaks for the encapsulated 134MHz resonator before 
and after dispensing and leaving the sample in dirty city water for over two days. 
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Figure 7.12. Measured temperature drift of frequency for the 134MHz sealed SiBAR.  
After 2 days under 
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7.3. Resonator-CMOS Integration: Pre-CMOS MEMS Sealing 
 
One of the major advantages and motivations for fully silicon capacitive resonators 
compared to their piezoelectric counterparts is their complete material compatibility with 
silicon IC processes.  For HARPSS-based fabrication processes however, the high 
temperature deposition and oxidation steps as well as the long HF release impose severe 
limitations and process incompatibilities for monolithic CMOS integration of such 
devices.   
In the first attempt to integrate HARPSS resonators in a CMOS process, the high 
temperature steps were performed first for the MEMS devices.  Such steps include, 
deposition of the isolation nitride layer, sacrificial oxide thermal growth, poly deposition 
and doping.  The poly was then kept on top of the unreleased MEMS structures to 
provide a flat surface for the following CMOS lithography steps.  Polysilicon also 
protects the MEMS structures from the oxidation and doping steps of the CMOS process.  
In this approach an additional lithography and etch step is added to the CMOS flow to 
form interconnects between the MEMS and CMOS devices by connecting the CMOS 
second poly to the MEMS poly.  The resonators are eventually undercut (isotropic silicon 
etch plasma) and released in HF after completion of the CMOS devices. 
Figure 7.13 shows an optical microscope top view of the SCS beam resonators 
fabricated next to CMOS circuitry before undercut and release of the resonators.  The 
CMOS process was performed by the MiRC CMOS group in the MiRC cleanroom.  The 
CMOS circuits (simple source follower amplifiers) were tested prior to MEMS release 
and proved to be operational and not affected by the MEMS structures next to them.  
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However, HF release of the MEMS devices while protecting CMOS remained an 
unsolved problem.  Different compositions of thick PECVD nitride layers as well as 
sandwiches of alternative oxide and nitride layers with as high as five thick layers (2-
3µm thick each) on top of each other were tried as the protective layer for CMOS 
devices.  However even the thickest and most resistant layers did not survive for more 
than 5 minutes in 49% HF, while 10-20 minutes of release time is required for HARPSS 
resonator release. 
 
 
 
 
Figure 7.13. Microscope top view of the unreleased beam resonators integrated with 
CMOS source followers. 
 
 
A much more convenient and practical approach for CMOS-MEMS integration of 
HARPSS devices is to perform all the MEMS steps prior to CMOS processing.  The 
poly-oxide encapsulation technique discussed in the previous sections is a very strong 
enabling technology for this integration scheme.  In this approach, the resonators are 
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fabricated, released and encapsulated first.  The regular CMOS process can then be 
performed on the silicon substrate on top of the resonators.  If the MEMS sealing is 
hermetic enough, CMOS process steps will not have a destructive effect on the resonator 
performance.  Figure 7.14 shows the proposed process steps for pre-CMOS MEMS 
fabrication followed by CMOS fabrication.    To provide a flat surface for following 
CMOS lithography steps, the MEMS area is to be etched back a few microns prior or 
after resonator fabrication (Fig. 7.14a).  Similar encapsulation steps using polysilicon 
covering electrodes, non-conformal PECVD oxide layers and hermetic LPCVD oxide 
film are then performed on the resonators and the substrate is polished back(Fig. 7.14e).  
CMOS process with no changes can then be performed on the surrounding silicon 
substrate and on top of the resonators.  Making interconnects between MEMS and CMOS 
devices will be as simple as making a substrate contact in the CMOS process.  For this 
purpose parts of the resonator silicon pads need to be outside the etched-back MEMS 
area to be accessible by the CMOS substrate contacts (Fig. 7.14f).  The integrated MEMS 
devices implemented in this approach are already encapsulated and the regular packaging 
used for CMOS ICs can be used for final packaging of such integrated systems. 
According to the test results obtained from the encapsulated resonators in the 
previous section showing excellent hermeticity without even using an LPCVD sealing 
layer, the proposed approach for monolithic integration of MEMS resonators (as well as 
other sensors and actuators) is expected to be very reliable, convenient and low-cost.   
Due to unavailability of a reliable in house CMOS process and the amount of time 
and effort required for CMOS processing, practical implementation of the proposed 
approach is out of the scope of this thesis. 
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Figure 7.14. Cross sectional Schematic diagram for post-MEMS fabrication of integrated 
CMOS circuitry on top of the polysilicon-oxide encapsulated resonators. 
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e) Deposit and polish back LPCVD oxide (or nitride) for vacuum sealing ready for CMOS  
f) Regular CMOS processing, MEMS interconnects as substrate contacts 
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CHAPTER VIII  
CONCLUSIONS AND FUTURE WORK 
8.1. Contributions 
The following is a list of contributions that have been achieved in this work. 
• Low frequency single crystal silicon (SCS) resonators including both clamped-
clamped and clamped-free beam resonators were fabricated on regular silicon 
substrates using a modified version of the original HARPSS process.  High 
sensitivity amplifying test circuits were implemented for characterization of the 
fabricated resonators.  Resonators with operating frequency in the 15kHz-1MHz 
range and quality factors as high as 74,000 for clamped-clamped and 184,000 for 
clamped-free beams in vacuum were demonstrated using the test circuits.  
Resonance frequencies as high as 12MHz were demonstrated by the clamped-
clamped beam resonators operating in their higher flexural modes.  
• Electrical equivalent circuit for two-port capacitive micromechanical resonators 
operating in their linear region was derived.  Electromechanical coupling and 
electrostatic tuning coefficients were derived for clamped-clamped beam 
resonators in their first flexural resonance mode as well as for disk resonators 
operating in their elliptical bulk resonance mode. 
• A new version of the HARPSS fabrication process modified for fabrication of 
bulk mode SCS disk and block resonators with ultra-thin (deep submicron) 
capacitive gap size on SOI substrates was developed.  The fabrication process was 
 156 
debugged and optimized in several steps before successful fabrication of 
operational high frequency resonators.  Operating frequency, motional resistance, 
electrostatic tuning, temperature drift and quality factor both in vacuum and 
atmospheric pressure was measured for the fabricated disk resonators.  Among the 
measured resonators, a 3µm thick single side supported disk resonator with 
diameter of 30µm demonstrated a quality factor of 40,000 in vacuum at resonance 
frequency of 148MHz. 
• A new processing technique based on dry etching of high aspect ratio deep-
submicron capacitive gaps, for implementation of high frequency fully SCS 
capacitive resonators on SOI substrates was developed.  Successful fabrication 
and operation of high frequency resonators using this technique was 
demonstrated. 
• An improved version of the HARPSS on SOI process consisting of only three 
mask layers and consequently a much higher processing yield was developed.  
Several types of thick SCS disk and block resonators with thickness as high 30µm 
and deep submicron capacitive gaps were fabricated using this approach.  
Improved performance and lower electrical equivalent resistance for thick 
resonators was demonstrated. 
• New resonator structures referred to as silicon bulk acoustic resonators (SiBAR) 
were developed based on the FBAR structures providing large transduction area 
while having high operating frequencies. Impedances as low as a few kiloOhms, 
quality factors as high as 20,000-60,000 in the VHF frequency range up to 
300MHz were demonstrated for the SiBARs operating in their first width 
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extensional mode.  Operating frequencies as high as 983MHz were measured for 
the higher modes of the SiBARs. 
• The second generation SiBARs with optimized dimensions demonstrated 
motional resistances as low as 200Ω and quality factors as high as ~100,000 in the 
~100MHz frequency range.  Higher resonance modes of such resonators 
demonstrated frequencies as high as 1.5GHz with impedance in the tens of kOhm 
range, which is an order of magnitude smaller than other reported values for 
capacitive resonators. 
• Several versions of ultra-long high frequency bulk mode resonant structures were 
fabricated using the HARPSS on SOI process.  VHF resonators with 
comparatively low impedances were demonstrated using the SiBAR based 
structures with a very large effective length.  Effect of different supporting 
schemes on the quality factor and spurious modes of the resonators was 
investigated. 
• Electrically and mechanically coupled resonators with frequencies in the 
~100MHz range were demonstrated.  Different mechanical coupling schemes 
were investigated for demonstration of higher order resonant systems as well as 
coupled arrays of resonators for motional impedance reduction. 
• An advanced version of the HARPSS-On-SOI process was developed and 
characterized.  The poly etching step which was the problematic part of the 
previous version of the HARPSS-On-SOI process was completely eliminated.  In 
addition, the existing limits on the gap aspect ratio and minimum achievable gap 
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size in the 3-mask HARPSS-On-SOI process were eliminated.  Moreover, 
additional dielectric thin film and lithography step added to the capabilities of this 
process significantly.  Operational resonators with capacitive gaps as small as 
65nm and gap aspect ratio as high as 460 were demonstrated using the advanced 
HARPSS-On-SOI process.  Such resonators can demonstrate sub-kiloOhm 
impedances with polarization voltages less than 10V. 
• A wafer level vacuum packaging technology taking advantage of the overlapping 
resonator electrodes was developed.  Encapsulation using non-conformal PECVD 
oxide layers was proven to be capable of maintaining vacuum and reliably protect 
the resonator against liquids and contaminations. 
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8.2. Future Directions 
The capacitive SCS resonator technology developed under this project has a great 
potential for implementation of commercialized monolithic highly stable frequency 
references.  High performance resonators with quality factors in the tens of thousand 
covering a wide range of frequency starting from tens of kHz to hundreds of MHz have 
been demonstrated.  The demonstrated encapsulation technique can be used to reliably 
manufacture and maintain such frequency references for real world applications.  
Moreover, CMOS integration of such encapsulated resonators seems to be straight 
forward.  A few remaining issues as well as open areas for further research in this area 
are as follows: 
1. Temperature compensation: temperature stability of the silicon based 
micromechanical frequency references, although much better than that of LC or 
CMOS based references, is close to one order of magnitude worse than that of the 
most unstable quartz crystals currently available in the market.  Some work 
associated to this thesis has been done to electrically compensate the temperature 
induced frequency drift of lower frequency resonators by taking advantage of the 
electrostatic tuning capability of the capacitive resonators [40,41].  Frequency 
stability better than non-compensated quartz crystal and close to temperature 
compensated quartz crystals (TCXO) has been demonstrated using this approach 
[41] while maintaining much smaller size and lower power consumption.  The 
thermal tuning approach is under consideration as a viable solution for higher 
frequency resonators.  A large amount of research is yet to be done on the thermal 
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based compensation techniques to investigate its reliability, identify the limits and 
minimize its power consumption.  The other approach for high frequency silicon 
resonators would be material compensation by canceling the temperature 
dependant drift in the Young’s modulus of the structural material by adding a 
material with an opposite behavior to the structure. 
2. Fabrication tolerance characterization and compensation: frequency tolerance 
between fabricated resonators with same design and dimensions can be a major 
issue for a commercialized resonator-based products.  When targeting an 
extremely stable frequency reference, fabrication tolerances as high as a few tens 
of ppm can be a limiting factor.  Under this work there has not been a precise and 
extensive characterization and measurement of frequency tolerance between 
similar fabricated resonators.  Therefore, this remains as an open area for further 
research.  Resonator designs that can be robust to slight dimensional changes due 
to fabrication tolerances are of great interest as a topic for further research. 
3. Long Term Stability and Reliability: most of the measured data presented in this 
work has been based on short term measurements in the lab for unpackaged 
resonators.  Even the comparatively long term packaged resonator test data does 
not exceed a few days.  For a commercialized product long term stability and 
reliability over a period of a few year is a mandatory requirement.  Looking into 
the long term behavior of the packaged resonators including, frequency drift, 
quality factor drift, shock resistance and reliability is another open area for further 
research. 
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4. Identification and Improvement of Process Limits:  although potentially it is 
possible to achieve capacitive gap sizes as small as a few nm using the HARPSS-
based fabrication processes, capacitive gaps smaller than 60nm have not been 
demonstrated reliably yet.  The process yield and resonator quality factors start to 
drop drastically as the capacitive gap sizes shrink to sub-100nm.  Identification of 
the physical limit behind this issue and achieving capacitive gaps in the 30nm and 
below can open up the opportunity of covering the whole UHF range (300MHz-
3GHz) by high performance, low impedance capacitive resonators.  In addition, 
the major problem associated with implementation of capacitive high frequency 
filters which is their comparatively large impedances could be resolved this way. 
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